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D/H, 180/160 and 13C/12C ratios are presented for 
minerals and whole rocks from the Troodos ophiolite complex, Cyprus. 
Samples were from: the Upper Pillow Lavas and associated 
ferromanganiferous umbers, the Lower Pillow Lavas, cupriferous 
sulphide orebodies and ochres, Sheeted Intrusive Complex, trondhjemites, 
gabbros and serpentinised ultrabasic rocks. The data are combined 
with mineralogical, -chemical and sulphur isotope data to form a 
general model for the metamorphism, mineralisation and serpentinisation 
of the Troodos crust. 
The upper 3-5 km. of the hot Troodos oceanic crust were 
metamorphosed up to zeolite and greenschist-amphibolite facies 
during interaction with a deep circulating seawater geothermal system, 
where geothermal gradients were ' 130C/km. Minimum water/rock ratios 
(by weight) during pervasive alteration decreased from >1 in the 
pillow lavas 'to -'-0.1 in the S.I.C. and upper gabbros, but were an 
order of magnitude larger in veins and fractures. Stockwork zones, 
which underlie the massive sulphide orebodies, represent zones where 
large volumes (water/rock ratios >1-5, by weight) of hot ( >3000 
seawater fluids discharged towards the seafloor., 
The implications of the chemical and isotopic alteration 
of the Troodos oceanic crust on the composition of ocean water, and 
isotopic geochemistry of subduction zones are examined. 
Serentinisation of the Troodos ultrabasic rocks occurred 
during or after uplift. 
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I NTRODUCT I ON 
FIELD OF STUDY ArD RtSARCH OBJECTIVES 
1.1 Field of Study 
Approximately 6 of the earth's surface is underlain 
by oceania crust, and yet, until recently relatively little was 
known of the igneous geology of the oceanic crust. This was 
essentially a result of the considerable difficulty in sampling. 
In the last decade, however, ocean floor samples have been 
retrieved by dredge hauls and drilling at a wide variety of 
locations; the operations of 'Glomar Challenger' in the Deep Sea 
Drilling Project (D.S.D.P.) have made particularly important 
contributions. Detailed studies based on these igneous oceanic 
crustal samples have demonstrated a particularly important 
feature: after its formation the oceanic crust undergoes large-
scale alteration, producing pronounced changes in its chemistry 
and mineralogy. However, because of the problems in sampling the 
oceanic crust (the deepest borehole penetration of igneous rocks, to 
date, is 580 metres) much of our present understanding of its 
geology is based largely on the detailed studies of subaerially 
exposed oceanic crust - the ophiolite .complexes. 
Ophiolite complexes (layered sequences of ultrabasic 
rocks/.. 
-2-- 
rocks, gabbros, dolerites and pillow lavas) have been studied for 
a long time, although it is only comparatively recently that they 
have been interpreted as sections of oceanic crust. The majority 
of these complexes were tectonically emplaced within orogenic zones 
of the continental crust, and have suffered considerable syn- or 
post-emplacement metamorphic and tectonic deformation. A very few 	- 
ophiolite complexes, however, have been subaerially exposed without 
being involved in such complex processes; the Troodos massif, 
Cyprus, is regarded as an excellent example (e.g. Gass, 1968; 
Moores and Vine, 1971). The igneous rocksof the Troodos complex 
have undergone alteration in a submarine environment, and show a 
great many similaritie3 to igneous oceanic rock samples. 
Massive suiphide orebodies are associated with many 
ophiolite complexes, including Troodos. Trace amounts of suiphide 
minerals, possibly associated with hydrothermal activity, have 
also been reported from a number of localities in the oceanic crust, 
although the metalliferous deposite in the Red Sea are the only 
known examples of actual suiphide 'orebodies' in the oceans. The 
apparent scarcity of known suiphide deposits in the oceans may 
simply reflect inadequate sampling. 
The alteration of igneous oceanic rocks, and the 
formation of associated suiphide orebodies must be regarded as an 
extremely important process that is operating in the earth's crust. 
Since hydrous fluids play such an important part in rock alteration 
and orebody formation, our understanding of these processes requires 
knowledge of the origins and nature of the fluids involved. It has 
been demonstrated in the past few years by Taylor, his colleagues, 
and!... 
-3- 
and others that in order to determine the origins of fluids that 
have interacted with igneous rocks it is essential, in general, to 
carry out a combined hydrogen and oxygen isotope study (see Taylor, 
1974). 
1.2 Research Objectives 
The objectives of this study are to try to improve our 
understanding of the nature of the processes involved in the 
alteration of the oceanic crust and formation of associated 
massive sulphide orebodies, by: 
i) determining the origins of the fluids responsible for 
alteration of the oceanic crust, and those involved in the 
formation of massive suiphide orebodies; 
setting limits on the amounts of water involved in these 
processes; 
determining the range of temperatures over which the different 
alteration and mineralisatjon processes occurred; 
deriving a general geologic model for the alteration and 
mineralisatjon of oceanic crust. 
Processes involved in the subaerial alteration of 
ophiolite complexes are also studied. 
The Troodos massif in Cyprus was selected as the study 
area for the following reasons: 
i) the area represents a readily accessible section of oceanic 
crust allowing detailed sampling; 
2) the area has not undergone significant syn- or post emplacement 
metamorphic alteration or tectonic deformation; primary 
features/... 
Ma 
features are therefore readily observed; 
granitic rocks that so commonly contribute to the complexity of 
the problems in other areas are absent; 
previous geological studies in Troodos provide a foundation 
for isotopic studies. 
PREVIOUS IHORK 
1.3 Introduction 
It has been well demonstrated in the past (see 
references below) that stable isotope studies, particularly the 
combined application of hydrogen and oxygen isotope studies, are 
particularly powerful in determining the origins of geologic fluids, 
determining temperatures and setting limits on water/rock ratios - 
the main objectives of this study with respect to the geologic 
development of the Troodos (oceanic) crust 0 
Previous isotopic studies relating to the interaction 
of waters with igneous rocks in general, and oceanic/ophiolite 
rocks in particular, are summarised below. 
Note. In the analysis of previous work reference is 
made to details of isotopic notation and the application of 
isotopic data in Chapter 3. 
1.4 Studies!'... 
512 
1.4 Studies - General 
The concept that waters of non-magmatic origin, and 
meteoric waters in particular, could interact with hot igneous rocks 
first received well defined support from oxygen-isotope studies on 
the chilled marginal gabbros of the Skaergaard intrusion (Taylor 
and Epstein, 1963), and a number of similar studies have followed 
(see Taylor, 1974). Interpretations of the origins of waters, 
based solely on oxygen isotope data, may be made in particular 
areas where there is evidence for the involvement of very large 
water/rock ratios, or very low 180 meteoric waters.leading to low 
....180 rocks. However, such special circumstances may only operate 
in certain areas (e.g. high altitude and/or latitude for low 180 
waters). 
Sheppard, Nielsen, and Taylor (1969, 1971) demonstrated 
that there are many situations where the origins of waters 
interacting with igneous rocks cannot be determined from oxygen 
isotope data alone. They emphasised the necessity of a combined 
oxygen and hydrogen approach. Subsequently there have been a 
number of studies applying this approach to the study of the 
origins of waters interacting with granitic and volcanic rocks, and 
the origins of waters involved in orebody formation (e.g. Rye, 1966; 
Taylor and Epstein, 1968; Sheppard et al., 1969, 1971; Ohmoto and 
Rye, 1970, 1974; Taylor, 1971, 1974; O'Neil et al., 1973; 
Robinson and Ohmoto, 1973; Hall et al., 1974; Landis and Rye, 1974; 
O'Neil and Silberman, 1974; Sheppard and Taylor, 1974; I1argaritz 
and Taylor, 1974, 1976); and to problems of serpentinisation 
(Sheppard and Epstein, 1970; Wenner and Taylor, 1973, 1974; 
Sheppard!... 
am 
Sheppard and Dawson, 1975). 
1.5 Studies on Oceanic/Ophiolitic Rocks 
a) Hydrogen and Oxygen Isotope Data 
Hydrogen and oxygen isotopic evidence for the 
interaction of seawater with hot oceanic igneous rocks was first 
proposed by Sheppard and Epstein (1970) from studies of the 
hornblende peridotites and serpentines of the St. Paul's Rocks, 
mid-Atlantic Ridge. Additional evidence for the interaction of sea-
water with hot igneous rocks comes from the serpentinised ultramafic 
rocks dredged from the ocean floor (Wenner and Taylor, 1973). 
Hydrogen and oxygen isotope data for two actinolites and an 
antigorite from the Troodos complex, and for samples from ophiolite 
complexes in the Californian Franciscan rocks (which, unlike the 
Troodos complex, have suffered considerable syn/post-emplacement 
alteration) have been presented by !largaritz and Taylor (1974, 
1976), and are interpreted to indicate seawater interaction with 
these ophiolitic rocks. 
Hydrogen and oxygen isotope data have also been used to 
suggest that seawater fluids were involved, at least in part, during 
the formation of the north Canadian Echo Bay and Japanese Kuroko 
hydrothermal ore deposits (Ohmoto andRye, 1974). Thus there are, 
at present, very few hydrogen and oxygen isotope data on igneous 
oceanic rocks. 
b) Oxygen Isotope Data 
A number of oceanic dredge samples, a few D.S.D.P. drill 
core samples, and samples from ophiolite complexes have been 





During alteration of oceanic basalts close to the sea 
floor at low temperatures (sometimes referred to as 'weathering' 
or 'halmyrolysis'), whole rock S18 values increase from an 
initial 'fresh' value close to +67- to values as high as +17.97, 
(Fig. 4-3). Such increases are suggested to result from the 
formation of secondarj minerals (eg. montrnorillonite) with high 
18 values in the presence of seawater at low temperatures 
(Taylor, 1968; Garlick and Dymond, 1970; iuehlenbachs and Clayton, 
1972a). In fourteen greenschist fades samples from the mid-
Atlantic ridge, Iuehlenbachs and Clayton (1972b) found a range of 
whole rock S 180 values from +2.8 to + 6.87.., with an average of 
these data, together with additional data for oceanic 
samples are shown in Fig. 4-3. Oxygen isotope geotherrnometry for 
the samples of :iuehlenbachs and Clayton (1972b) suggest metamorphic 
temperatures of about 250C; the water in equilibrium with the 
rocks at these temperatures would have a 9 
18 
 value close to oX., 
which is the isotopic composition of unmodified seawater. 
Whole rock oxygen isotope data for samples from a 
number of ophiolite complexes (Troodos, Pindos, east Liguria) have 
been reported by Javoy (1970), Margaritz and Taylor (1974) and 
Spooner et al. (1974). The data are summarised in Fig. 4-3. 
1.6 Interpretations 
The oxygen isotope data on oceanic and ophiolite 
metamorphic rocks have been interpreted as being consistent with 
the interaction of seawater during metamorphism (Javoy, 1970; 
I•Iuehlenbachs and Clayton, 1971, 1972; Spooner et al., 1974). 
However!. . 
Ma 
However, because waters of more than one origin (primary magmatic 
water, metamorphic water, sea water) could be involved the oxygen 
isotope data, on its own, cannot be so simply interpreted, as 
was pointed out by iuehlenbachs and Clayton (1971). 
It will be demonstrated (section 3.5) that the 180/160 
ratio of a hydrothermal water is extremely susceptible to change, 
as a result of oxygen isotope exchange with rock, unless water/rock 
ratios are very large (which has not yet been demonstrated for the 
oceanic crust). Therefore, unless it can be shown that the 180/160 
ratio of the water has not changed from its original value, the 
calculated or measured final ratios are not necessarily diagnostic 
, of the source water 18 0/ 16  0 ratio.. It 	n hil rr'.di1r 1 4-,4 
that the whole rock 9180 values of a great riany oceanic and ophiolite 
samples can be interpreted in terms of models involving metamorphic 
alteration by circulating nagrnatic waters, metamorphic waters, or 
sea waters. It must be concluded that oxygen isotope data alone 
has not provided unambiguous evidence for the source of waters 
responsible for the metamorphism of oceanic/ophiolitic crust. 
1.7 Summary of Previous Work 
Existing oxygen isotope data on oceanic/ophiolitjc 
igneous rocks are consistent with sea water interaction with the 
hot crust but, because of possible water-rock exchange 'problems', 
have not provided conclusive evidence for such a process. The 
available combined hydrogen and oxygen isotope data provide much 
stronger evidence (D/H ratios are very much less susceptible 
to change), but the amount of data is, at present, limited. 
Isotopic/0.. 
Wa 
Isotopic studies of samples from the oceanic crust, 
particularly samples of the deeper igneous rocks (dolerites and 
gabbros), are limited by the lack of any detailed information on 
the general geologic setting of the sample. Such studies are 
therefore more easily made on samples from subaerially exposed 
sections of 'oceanic' crust - ophiolite complexes. However, studies 
of the submarine history of some ophiolite complexes may be 
complicated by later syn- or post emplacement metamorphic-tectonic 
processes; and such processes have occurred in some of the 
ophiolite complexes isotopically studied (e.g. Pindos, Liguria, and 
Franciscan ophiolite complexes). 
For these reasons this study concentrates largely on a 
combined hydrogen and oxygen isotope study of the Troodos Complex, 
Cyprus. 
CHAPTER 2 
THE PROODOS COMPLEX, CYPRUS 
GEOLOGY 
The Troodos complex, including the Akarnas and Troulli 
inliers, has an east-west extent of over 120 km. and a north-south 
width of about 50 km.; it rises to just under 2000 m. at its 
highest central point, Mount Olympus. The geology of the complex 
is summarised in Pig. 2-1. A diagrammatic cross-section of the 
Troodos crust is shown in Fig. 2-2, it shows marked similarities to 
cross-sections proposed for the oceanic crust, Fig. 2-3; and it is 
widely accepted that the Troodos complex represents a subaerially 
exposed section of oceanic crust. 
Exposed parts of the Troodos complex represent a 
crustal section of perhaps eight kin, depth, with from the base 
upwards: ultramaf Ic rocks, gabbros with local trondhjemite bodies, 
and a massive section of sheeted dykes grading upwards into pillow 
lavas which contain, locally, copper-rich orebodies. The major 
units are described below, with their mineralogies and general 
stratigraphic successions summarised in Fig. 2-4. Petrographic 
descriptions of a number of Troodos samples are given in Tables A-i. 
The major element chemistry of Troodos rocks is discussed in 
Chapter 9. 
2.1 Plutonic Rocks 
Plutonic rocks crop out as the central unit around 
Mt. Olympus/... 
Fig. 2-1 
Geology of the Troodos complex, Cyprus; showing the 
location of Mt. Olympus, the Limassol Forest area and the Akamas 
Peninsula inlier. The approximate extent of the main outcrops of 
igneous rocks within the Mamonia complex are also shom. Based 
on maps of the Cyprus Geological Survey. MnornojneitL 	o.ro.s 
L&be,- seden&aj,d. aJLecL6wtous 
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Fig. 2-2 
Diagramatic cross-section of the Troodos crust showing 
the approximate estimated thickresn of the major units (excluding 
the Upper Pillow Lavas), the proposed correlation with layers of 
the oceanic crust, and metamorphic facies (Sheppard, after Vine 
and Moores, 1972). 	vcit essit&o-4j 
Fig. 2-3 
Diagramatic cross-section of ttypical oceanic crust 
from Fox et al. ( 1973) and Schreiber and Fox (1973) showing the 
thicknesses and seismic velocities of the recognised layers. Only 
sediments and basalts have been cored in situ; suggested composition 
of lower layers is based on dredged samples (from fault scarps exposing 
deeper layers) and velocities. 
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Mt. Olympus, and in the tectonically complicated area of Limassol 
Forest to the south east (Fig. 2-1). The centre of the Troodos 
annular structure is in harzburgites, now largely tectonised and 
heavily serpentinised, and interpreted to represent depleted mantle 
(Menzies and Allen, 1974). Ultrabasic and basic layered cumulates - 
dunites (with local chromite deposits), pyroxenites and pyroxene-rich 
gabbros - occur in turn above the harzburgites (Fig. 2-4). Contacts, 
where not faulted, are gradational; but there is a tectonic 
discontinuity at the harzburgite contact (Wilson, 1959; Menzies 
and Allen, 1974). The upper parts of the gabbros are amphibole-rich 
and show no cumulate layering. Trondhjemites ocóur locally at the 
top of the gabbros; the term trondhjemite (see Streckheisen, 1976) 
is used here to describe collectively rocks also termed granophyres, 
quartz diorites, plagiogranites (Coleman and Peterman, 1975), 	;. 
Recent discussions now tend to recognise (as did 
Wilson, 1959)  one continuous unit between the plutonic complex and 
the Upper Pillow Lavas (below). This unit has been called the Axis 
sequence by Gass and Smewing (1973). In this study the terms Sheeted 
Intrusive Complex (Ingham, 1959) and Lower Pillow Lavas are retained 
for convenience in implying relative positions in the complex; 
although it is recognised that the Sheeted Intrusive Complex and 
Lower Pillow Lavas may be of variable thickness and have a 
gradational contact. 
2.2 Sheeted Intrusive Complex (s.I.C) 
The plutonic complex - Sheeted Intrusive Complex (S.I.C.) 
contact is irregular and often gradational, it may represent a zone of 
multiple!... 
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multiple intrusion (Noores and Vine, 1971). Near-vertical, 
approximately north-south strik&i8 dolerite dykes make up over ninety 
per cent of the S.I.C., which crops out over the greater part of the 
Troodos complex. The dykes average 1.5 m. in thickness and show a 
predominance of one-3ided chilled margins; the process of formation 
being one of multiple intrusion (Kidd and Cairn, 1974). The lower 
levels of the S.I.C., originally termed the Diabase, consist of 
lO dykes; the upper levels, originally termed the Basal Group, 
contain up to l 	o _pi1Lo&Joo.. 	eas; 
2.3 Lower Pillow Lavas (L.P.L.) 
The near-vertical dykes with occasional screens of pillow 
lavas of the upper S.I.C., pass upwards into a unit containing 
approximately 50 pillow lavas and 50J sinuous sheets and dykes - 
the Lower Pillow Lavas (L.P.L.). Massive sulphide orebodies, at 
6 be 
least twenty of which have provedeconomic, occur locally as part 
of the L.P.L. sequence (Figs. 1-4 and 6-1). 
2.4 ulphide Orebodies 
A diagramatic section of a typical Troodos orebody is 
given in Fig. 6-1 and a more detailed description of their mineralogy 
in Chapter 6. The upper parts of these orebodies are termed the 
'massive ore' and comprise an approximately lens-shaped orebody (of 
the order of lO square metres in area and about 50 in. thick) 
composed entirely of pyrite with variable amounts of chalcopyrite, 
rarer sphalerite and a variety of secondary minerals. Post-
niineralisation faulting has made it difficult to determine the 
precise original stratigraphic positions of the orebodies; most of 
them/... 
jg2-4 
3urnnary of the mineralogy of the Troodos crust. The 
rock units are not to scale (see Fig. 2-2). 
1,2. Distinction between a primary or metamorphic 
origin for some minerals is not always possible (eu. distinction 
between primary or metamorphic plagioclase on basis of anorthite 
content). Abbreviations: Act = actinolite, Albn = albitisation, 
An = plagioclase with percent anorthite as subscript, Chi = chlorite, 
Diop = diopside, Enst = enstatite, Epid = epidote, Hnbd = hornblende, 
Hyp = hynersthene, urn = ilmenite, I.Iag = manetite, 01 = olivine, 
= plagioclase, Px = pyroxene, Qz = quartz, Serpentd = 
serpentinised. iurnbers after mineral represent approximate average 
modal volume percent. Data from ';ilson (1950), Pantazis (1967), 
Gass and Smewing (1973), Menzies and Allen (1974) and this study. 
.5 5 
fig 	= stockwork alteration and suljhide veins. 
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them are considered to have formed in depressions in the L.P.L. 
surface at the top of the L.P.L. succession on the sea floor. The 
massive ore is surrounded and directly underlain by the 'stockrork 
zone', a zone of basalt altered to a quartz-chlorite-pyrite 
assemblage, with a ramifying network of quartz-pyrite-chalcopyrite 
veinlets. Stockwork zones extend to depths of at least 700 m. 
(Constantinou, 1972); their horizonal extent is not precisely known 
because they are invariably faulted against u.nmineralised basalts, 
but it must be expected that prior to faulting the stockwork zones 
were of relatively restricted lateral extent (although not 
necessarily as restricted as the massive Ore), passing gradually 
into unmineralised pillow lava country rock. Stockwork zones, not 
visibly related to an overlying massive ore, also occur in the 
S.I.C. 
Ochres. Beds of iron-rich (generally manganese-poor) 
hydroxyoxide sediments with disseminated pyrite occur at the very 
top of some of the massive ores (Constantinou and Govett, 1972, 
1973). These sediments are termed 'ochres'. 
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METANORPHISi 
Close to their site of intrusion/extrusion in the 
submarine environment the Troodos gabbros, trondhjemites, S.I.C. 
and L.P.L. underwent extensive mineralogic and chemical alteration 
as a result of metamorphism up to zeolite, greenschist and 
amphibolite fades. The metamorphic mineral assemblages are 
summarised in Fig. 2-4 and Tables 2-1 & Al, and discussed below. 
Metamorphic mineral reactions for vihich stability data are 
available are given below with their numbers in brackets referring 
to reactions in Fig. 2-5. 
2.5 Zeolite Facies 
The L.P.L. and, in places, the upper parts of the S.I.C. 
have been metamorphosed up to zeolite fades. This involves the 
formation of zeolites and quartz in vesicles and in the groundmass, 
celadonite as vesicle-linings and along joint surfaces, and in 
particular the formation of smectite during the alteration of the 
groundmass glass. Plagioclase microlites in the groundmass are 
albitised. Phenocrysts of plagioclase and pyroxene remain largely 
unaltered. 
Since the pillow lavas were directly overlain by sea 
water during metamorphism, temperatures at the top of the Troodos 
crust must have been close to 0° C. Laumontite and albite appear, 
whilst stilbite and analcii ne disappear half way down the L.POL., 
suggesting temperatures of about 1500 to 250° C (Gass and Smewing, 
1973). 
(i) Stilbite = laumontite + quartz + fluid. 
(2) Analcime + quartz = albitic plagioclase + fluid. 
Suggested P-T and metamorphic conditions for the 
Troodos crust. 
Km. depth refers to depth in kilometres below the 
sea floor (from Fig. 2-2). P fluid 
 assumed equivalent to lithostatic 
pressure (plus oceanic depth of 	2.5 km.). Numbered reactions 
refer to reactions in text, from experiraental studies of I,iou(1971a, 
1971b, 1973) and Liou et al. (1974); f02 corresponds to the Q.F.M. 
buffer except where otherwise stated. H 20 boiling curve is from 
Haas (1971) for a salinity of 5. 
Shaded area represents the proposed range for the 
geothermal gradient in the Troodos crust during metamorphism, with 
the broken line at 130 C/km. 








2.6 Greenschist Fades 
The zeolite facies-greenschist facies boundary 
approximately coincides with the L.P.L.-S.I.C. transition (Gass and 
Smewing, 1973), greenschist facies assemblages occur throughout the 
S.I.C. and in the trondhjemites and upper parts of the gabbros. 
Chlorite occurs in the groundmass of ..I.C.. rocks, and lower down in 
the S.I.C. and in the trondhjemites and gabbros actinolite forms as 
an alteration of pyroxene or hornblende (see Appendix 6). Plagioclase 
or plagioclase phenocryst rims, are albite-rich (see Appendix 6). 
Throughout the S.I.C. and in the trondhjemites and upper gabbros 
quartz veins with well developed epidotic halos cut the pervasively 
altered rocks. 
Laumontite disappears at the top of the S.I.C. (Gass and 
Smewing, 1973). 
(3) Laumontite = wairakeite + fluid. 
Wairakeite has not been reported from Troodos rocks, epidote may 
represent the calcium aluminium silicate phase. Laumontite 
instability suggests temperatures between 200 and 250° C. Similarly, 
the appearance of chlorite and epidote suggest, by comparison with 
geothermal systems, temperatures of about 2206 t 50° C (White and 
Sigvaldsson, 1962; Brown and Ellis, 1970; Tomasson and 
Kristmansdottir, 1972; Seki,  1972). Actinolite becomes common 
towards the middle of the S.I.C., possibly suggesting higher 
temperatures of about 300 ° C (Heilner, 1965; Keith et al., 1968). 
2.7 Amphibolite Facies 
From the base of the S.I.C. down through the upper parts 
of the gabbros chlorite and then actinolite become progressively 
le3s/... 
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less common, whilst hornblend.e ( Appendix 6) becomes more common. 
The quartz-epidote veins, which are common in the upper parts of the 
gabbros also become less common with depth. Groundmasu plagioclase, 
or plagioclase phenocryst rims, in the S.I.C. are generally albite or 
oligoclase; in the hornblende-rich gabbros plagioclase rims are 
generally more Ca-rich than An 35 (Appendix 6). Although tTiyashiro 
et al. (1971) have suggested that Ca-rich plagioclase may remain 
stable under greenschist facies conditions, the3e progressive 
mineral transformations suggest the development of amphibolite 
facies assemblages (Liou et al., 1974). 
(4) and (5) Albite + chlorite + actinolite + epidote = 
Ca-rich plagioclase + hornblende. 
In one trondhjemite outcrop (see Tables A-1 and A-6, 
sample 11-8) garnet with approximately 95 of the andradite molecule 
co-exists with quartz, plagioclase (An88) and magnetite; epidote 
and actinolite occur in other parts of the same outcrop. 
Epidote + quartz = garnet + anorthite + magnetite + 
fluid. 
Epidote = grandite + anorthite + iron oxide + fluid. 
For probable pressure conditions in the trondhjemites such reactions 
suggest temperatures in excess of 520 or 620'C depending on whether 
fo2 approximated to an NNO (reaction 6) or HM (reaction 7) buffered 
assemblage respectively (Liou, 1973; Gustafsson, 1974; Liou et al., 
1974). Andradite-rich garnets are typical of calcareous rocks 
(e.g. the trondhjemites) which have undergone contact metamorphism. 
The outcrop in which this assemblage occurs is less than 50 metres 
from gabbros, and may have undergone contact metamorphism by post-
trondhjemite/... 




L.P.L. Lau tnontite  Mordenite 
Stilbite 150 












manyfl tt a 
Distribution of hydrous metamorphic minerals in the Troodos crust 
t From Fig. 2-2. 
2Assumes-2 1cm. sea water. 
3Approxirnate distributions of pervasive metamorphic minerals. 
L.P.L. and upper S.I.C. from Gass and Smewing (1973); and 
from Wilson (1959) and this study. Arrows show amphibole increase. 
4Approximate temperatures, see text. 
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trondhjemite gabbro intrusion. 
Although for some gabbro samples the possibility that 
hornblende formed as a primary mineral cannot be completely ruled 
out, in the majority of samples hornblende has formed as an 
alteration of pyroxene, suggesting amphibolite facies formation; 
hornblende compositions are discussed in Appendix 6. In all 
samples studied some degree of pervasive retrograde alteration of 
hornblende to actinolite was visible, ranging from a very small 
amount to total replacement. 
2.8 Geothermal Gradient 
The tempera Lures proposed for Troodos metamorphism are 
summarised in Table 2-1, they are based on the data above together 
with isotopic and preliminary fluid inclusion data in later section3. 
Possible P-T conditions during metamorphism of the Troodos crust 
are indicated in Fig. 2-5. A lower limit of 80 C/1n. is suggested 
by the apparent absence of a prehnite-purnpellyite facies (Gass and 
Smewing, 1973). Consideration of the proposed thickness of the 
Troodos crust (Fig. 2-2) suggests a gradient of about 130 C/1a. 
VOLCANIC ACTIVITY - POST MAIN STAGE 14ETM1ORPHISi 
AND NI NERALI SATI ON 
2.9 Upper Pillow Lavas (U.P.L.) 
A second unit of pillow lavas, the Upper Pillow Lavas 
(U.P.L.), occurs above the L.P.L. The U.P.L. contain generally 
fewer dykes and sills than the underlying units; chemically and, 
in some cases, mineralogically (U.P.L. are commonly olivine-rich) 
the U.P.L. are distinct from the L.P.L. (Gass and Smewing, 1973; 
Pearce!... 
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Pearce, 1974). In places the two lava units may grade into one 
another without a break in volcanism, although commonly they are 
separated by an unconformity (Smewing et al., 1975). This, together 
with the existence of unmetamorphosed U.P.L. feeder-dykes in 
greenschist facies S.I.C. outcrops (Panayiotu, personal 
communication, 1973), unmneralised U.P.L. feeder-dykes in L.P.L. 
orebodies, and the absence of orebodies in the U.P.L. (the 
Skouriotissa orebody lies on U.P.L. but has been overhri.is&-from 
its inferred position at the top of the L.P.L.) indicates that the 
U.P.L. formed after the submarine metamorphism and mineralisation 
of the underlying units. Subsequent to their formation the U.P.L. 
were also metamorphosed up to the zeolite facies (Gass and Smewing, 
1973). 
2.10 Sediments - 'Umbers' 
The Troodos volcanic rocks are overlain by upper 
Cretaceous and lower Tertiary sediments (see Robertson and Hudson, 
1974). Of particular interest are the 'umbers' - metalliferous 
sediments occurring locally as the lowest parts of the sedimentary 
succession. 
The umbers have been described by Constantinou and 
Govett (1972) and in particular by Robertson and Hudson (1973, 1974) 
and Robertson (1975). Typically the umbers are pale brown to black, 
very fine grained and largely amorphous, and are composed essentially 
of iron and manganese oxides, hydroxides and hydroxyoxides. They 
occur as local accumulations (4-35 rn. thick, up to 100 m. long) 
within depressions in the U.P.L. surface and intercalated within the 
uppermost/... 
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uppermost pillow flows. Occasionally, veins of 'umbèi' 	material 
can be traced downwards into the U.P.L. below umber deposits. Umber 
deposits are comparable with Fe-Hn rich basal sediments of the 
ocean floor with which they show a number of mineralogic and 
chemical (Table 2-2) similarities. 
THE OCEANIC CRUST CF. TROODOS CRUST 
2.11 Oceanic Metamorphic Rocks 
Oceanic basalts, dolerites and gabbros from dredge-hauls 
show zeolite, greenschist and amphibolite facies assemblages 
(Miyashiro, 1973, 1975; Aumento et al., 1975; and references 
therein). Zeolite facies assemblages are largely confined to 
basalts and dolerites, the alteration is very similar to the Troodos 
zeolite facies metamorphism. Greenschist and amphibolite facies 
assemblages are largely confined to dolerites and gabbros. These 
samples are generally recovered from dredge hauls along fault-scarps 
on the ocean floor, where deeper crustal sections are exposed; the 
samples have invariably undergone some subsequent retrograde low 
temperature alteration. Mineralogic changes are again very similar 
to those observed in Troodos dolerites and gabbros; some differences 
are apparent - biotite for example, absent in Troodos rocks, has 
been reported with chlorite and actinolite in oceanic rocks. 
Hornblende in oceanic gabbros has been copsicterel. to result from 
formation both as an amphibolite facies mineral and as a primary 
igneous mineral (Aumento et al., 1974 Bonatti et al., 1975). 
From the mineral assemblages thermal gradients in excess 
of!... 
TABLE 2-2 
Compositions of Troodos umbers and ochres, basal 
oceanic metalliferous sediments and Atlantis II Deep sediments, 
compared to Normal Pelagic Clays. 
Si to Ti in weight ; Ba to As in pnm. 
Average pelagic clay (Turekian and Wedepohl, 1961). Brackets 
show values of Goldberg and Irrhenius (1958), where significantly 
different. 
Iron rich unibers (Robertson and Hudson, 1972) 
Urnbers from Skouriotissa, and in brackets from i!athiati, 
recalculated from Constantinou (1972). 
Ochres, recalculated from Constaritinou (1972). 
Ochres from riousoulos, recalculated from Con3tantinou (1972). 
Sediments from East Pacific Rise (Bostroni and Peterson, 1969). 
Basal sediments, average of 11 analyses in three core3 in 
E. Pacific, from Cronan (1973). 
Ferruginous ironstone (Natland, 1973). 
'Iron montmorillonite fades', 10) 'Goethite amorphous facies', 
and ii) 'Sulphide facies' sediments from the Atlantis II deep(Red..S&). 
recalculated from Bischoff (1969). 
TABLE 2-2 
PELAGIC CLAYS TROODOS UlmERS TROODOS OCHRES BASAL OCEANIC SEDIITS ATLANTIS II SEDIillTS 
1 2 3 4 5 6 7 8 9 10 11 
Si 25,0 9.8 6.1 11.4 4.1 11.5 
Al 8.4 2.3 2.2 1.2 1.0 0.5 0.5 0.9 0.6 
Fe 6.5 27.9 32.6 44.5 50 18 17.5 23.8 26 45 17 
Mn 0.3(1.3) 5.8 11.8 0.6 0.2 6.0 4,5 4.2 1.6 0.9 0.9 
Ti 0.5 0.2 0.02 
Co 74(160) 101 215(122) 209 49 105 83 44 
Cr 90 31 55 15 
Cu 250(740) 897 1186(397) 11636 3746 730 917 1550 '6400 2400 36000 
Ni 225 212 304(326) 42 36 430 535 257 
Pb 161 145 38 940 940 2400 
V 120(450) 755 450 
Zn 165 235 528(417) 338 1785 380 358 2 25700 5600 99000 
As 13 145 
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of 100C/km. have been suggested for the oceanic crust (Aumento et 
al., 1975). Jehl et al., (1976) have measured fluid inclusion 
temperatures of 140-460C in oceanic metamorphic samples for which 
pressures were inferred to be0.25-2 kbars; geothermal gradients 
were estimated to be'15O-+  50 •  C /kin. 
2.12 Suiphide rlineralisation and Fe-Mn Sediments 
Minor amounts of pyrite have been observed in a wide 
variety of fresh and altered oceanic rocks: disseminated or in 
vesicles (e.g. Nelson and van Andel, 1968; Wright et al., 1973); 
in quartz-chlorite or calcite veins, and with montrnorillonite 
(Chernyshava and Murdmaa, 1971; Wright et al., 1973; Swanson and 
Scott, 1974). Chalcopyrite has also been widely reported 
(Carmichael, 1970; !right et al., 1973). Suiphide 'orebodies' 
rich in sphalerite, with lesser amounts of pyrite and chalcopyrite 
are forming along the spreading axis of the Red Sea (Degens and Ross, 
1969). 
Fe-Mn rich hydroxyoxide sediments occurring directly on 
top of the oceanic basalt basement have been reported from a large 
number of oceanic sites. They show a greater number of similarities 
in chemistry (Table 2-2), mineralogy and environment to the Troodos 
umbers. 
SUTINARY OF GEOLOGIC HISTORY OF TROODOS 
2.13 Formation 
The igneous rocks of the Troodos crust are considered to 
have formed in late Cretaceous times (Robertson and Hudson, 1974) in a 
Tethyean/... 
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Tethyn'. ocean narrow to the west but possibly opening out into a 
larger oceanic area to the east (see reconstructions of Briden, 
1974; Dewey et al., 1973). L.P.L., S.I.C. and plutonic extrusion/ 
intrusion occurred at an oceanic spreading centre aligned 
approximately east-west; (Iloores and Vine, 1971; Smewing et al., 
1975). Subsequent to solidification, metamorphism, sulphide 
orebody formation and a certain amount of faulting and erosion of 
these lower units the U.P.T. formed away from the spreading centre 
axis, possibly on an elevated flank 	(Gaas and Smewing, 1973; 
Robertson, 1975.) Because U.P.L. volcanism occurred close to the 
spreading axis and soon after metamorphism and mineralisation of the 
underlying units, raineralisation and metamorphism must have occurred 
at about the same time and at, or close to, the spreading axis. 
2.14 Behind-Arc Basin Environment 
It has been suggested that the Troodos crust formed in a 
behind-arc oceanic basin above a subduction zone, and that the U.P.L. 
represent early stages in the development of an island arc (Pearce, 
197). Smewing et al. (1975) have suggested that water derived 
from a subduction zone beneath Troodos may have been involved in 
U.P.L. magma gene3is. Evidence for a behind-arc environment is far 
from conclusive. However, because of. the implications for stable 
isotope studies such an environment will here be accepted as possible. 
The geology of behind-arc basins, their mechanism of formation and 
the geochemistry of their oceanic rocks appear to be very similar to 




Nappes of I1amonia sedimentary and volcanic rocks (Fig. 2-1) 
were obducted onto the Troodos crust during Iaastrichtian times and 
followed by widespread deposition of pelagic chalks; uplift of the 
Troodos crust started in the Tertiary period, becoming rapid during 
the early iliocene with shallow water sedimentation continuing until 
at least the Pliocene (Robertson and Hudson, 1974). The Cyprus 
gypsum deposits may represent part of the extensive Ilediterranean 
late ?'Liocene dessication period (Gass and Cockbain, 1961; Kuhn and 
Hsu, 1974; Sonnenfeld, 1974). At some stage in its history the 
Troodos crust was rotated anticlockwise by about 90 (iloores and 
Vine, 1971). 
As a result of uplift and erosion the different units of 
the Troodos crust are now exposed as annular outcrops around a core 
of the deepest units - the ultrabusic rocks. Data in the latter 
part of this study demonstrate that alteration of some of the Troodos 
rocks occurred in the subaerial environment. 
CONCLUSI ONS 
The major features of the geology of the Troodos crust 
have been summarised; they show marked similarities to the oceanic 
crust. The chemistry of Troodos and oceanic igneous rocks, and the 
chemical changes occurring during their metamorphism are discussed 
in Chapter 9. During the alteration and mineralisation of the Troodos 
crust large volumes of hydrous fluids mu3t have interacted with the 
rocks in order to: (1) cause the very extensive hydration of the 
rocks during metamorphism, (2) provide a mechanism for chemical 
mobilisatiori/... 
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mobilisation and redistribution, and (3) cause the hydrothermal 
alteration, and transport of ore-constituents in the formation of the 
suiphide orebodies. Circulation of fluids in the oceanic crust has 
also been called upon to explain, in parLicular, the 'anomalous' low 
heat flow values over oceanic spreading centres (Palwani et al., 
1971; Lister, 1972). Combined stable isotope techniques are used 
in this study to give information on oceanic crust metamorphism and 
mineralisation. 
CHAPTER 3 
BASIS OF RESE\RCH 
3.1 Introduction 
The application of hydrogen and oxygen isotopes to the 
study of the origins of fluids which have interacted with igneous 
rocks is based on the assumptions: 
Unaltered 'primary' igneous rocks have a well defined and 
narrow range of D/H and 18  O
,16
0 ratios. 
Waters of different origins - oceanic, meteoric, magmatic, 
metamorphic, etc. - have, in general, characteristic D/R and 
18 16 
0/ 0 ratios. 
The isotopic data for Troodos rocks and minerals are 
summarised in Chapter 4. By the application of isotopic 
fractionation data to the rock/mineral data it is possible to 
calculate the isotopic compositions of Troodos waters, and hence 
determine their source, and to set limits on temperatures and water/ 
rock ratios. 
3.2 Notation 
Hydrogen, oxygen, carbonand sulphur isotope data are 
presented in terms of the enrichment of the heavy isotope in the 
sample, compared to a standard, in per mil. 
X. sample =(R sample - 	x 1000, 
R standard / 
where R = D/H, 180/160 13C/12C and 34S/32S. For hydrogen and 
oxygen!... 
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oxygen the standard is Standard Mean Ocean Water (SNOW; Craig, 1961); 
for carbon PDB(Craig, 1957); and for sulphur Canon Diablo troilite 
(Macnamara and Thode, 1950; Ault and Jensen, 1963). 
The isotopic partition coefficient, or fractionation 
factor for two compounds A and B isOcB,  where: 
O<AB = RA/RB , 
ifis close to unity then it follows that: 
8 A 	B =LAB ' 1000 lrP<kB, 
where S - B is the isotope A - B fractionation. This approximate 
relationship holds well for the size of fractionations of interest 
to this study (see caption to Fig. 3-4). In this study mineral - 
mineral and mineral - H 
2 
 0 isotope fractionations are used; those 
for hydrogen and oxygen are discussed in section 3.5, those for 
carbon and sulphur in sections 5.4 and 6.9, respectively. 
3.3 Isotopic Compositions of Fresh Igneous Rocks 
To date, oxygen isotope data on some forty 'fresh' 
submarine basalts have been reported. The basis for considering a 
sample absolutely fresh is somewhat arbitrary (isotopic data may 
represent one of the most powerful criteria). However, with very 
few exceptions submarine oceanic basalts from both 'normal' and 
behind-arc basins with H2 O 	0.41fo, have a very restricted range of 
values between +5.5 and +6.27..; the majority having a value 
close to the average of + 5.82.. (Fig. 4-3). Fresh continental 
basalts have a very similar range of. values (see Taylor, 1974). 
Unusual oxygen isotope compositions have been reported for some fresh 
basaltic!... 
'I ,q EeLevi,e s6a,wLoc.rtL. 
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basaltic rocks (Muehlenbachs et al., 1974; Taylor, 1975), but 
such instances are rare. In contrast to basaltic rocks, granitic-
rocks have higher S 80 values between +7 and +1f/0 (Taylor, 1974); 
this reflects their origin, and exchange and crystallisation history. 
D/H ratios between - 55 and - 947. have been reported 
for Hawaiian basic volcanic rocks (Kolcubu et al., 1961; Friedman, 
1967). A value of - 607.. has been reported for the chilled rim of 
* 
a fresh submarine basalt pillow (Moore, 1970). Basaltic and 
granitic rocks probably have similar hydrogen isotope compositions; 
Taylor (1974) suggests that 95 of all rnagmas may have SD values 
between - 50 and - 85Z0. 
Basaltic rocks are predominant and granitic rocks are 
rare in the oceanic environment. On the basis of the above data the 
isotopic composition of fresh oceanic igneous rocks may be expected 
to lie in the range SD = - 50 to - 857., 5180 = + 5.5 to + 
3.4 Isotopic Compositions of Geologic Waters 
a) Sea Water 
The isotopic composition of the world's ocean water is 
extremely uniform, close to SD = Oi, S 
18
0 = OL. However, the 
polar ice-caps are reservoirs of very light water, and climatological 
evidence suggests that the ice-caps were absent during the 
Cretaceous - the time at which the Troodos crust formed. Sh aCkl e ton 
and Kennet (1975) have estimated, from mass-balance calculations, 
that prior to the formation of the currently existing ice-caps in 
the Niocene, the oxygen isotope composition of ocean water was 
about - l.OZ; similar calculations for hydrogen suggest SD values 
* Recently, average SD of -777for six samples (Craig and Lupton,1976) 
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of about - 77.. In enclosed seas with high evaporation or high 
input of meteoric waters the isotopic composition of the seawater 
may differ from the general global ocean water. However, 
palaeogeographic data for the ocean in tihich Troodos formed suggests 
a reasonably open body of water. It is assumed that the seawater 
above the Troodos crust durini its formation had an isotopic 
composition SD = - 7Z., S'8o = - i.oY... A field for the isotopic 
compositions of seawaters is shown in Fig. 3-1 with SD = 0 to - 77-., 
g180 = 0 to - 
The present day Ilediterranean is an Aenciosed sea. A 
surface water from the north coast of Cyprus (Table A-l) yielded a 
SD value of + 117.., 8180 + 2.17..; Fontes et al. (1973) refer to 
similar values for 'Eastern i!editerranean seawaters', Fig. 3-1. 
b) Meteoric Water 
The world's meteoric waters are found to lie about a 
line relating their hydrogen and oxygen isotope compositions; 
SD= 85180 + 10 (Craig, 1961), the line is shown in Fig. 3-1. The 
position of this 'meteoric water line' is dependent on the isotopic 
composition of ocean water from whtth the meteoric waters are 
derived. Fontes et al. (1973) have suggested a slightly different 
line for 'eastern Mediterranean precipitation waters', SD = 8S 180 
+ 22. The majority of precipitation (meteoric) waters from Cyprus, 
Turkey, Israel, Rhodes, Crete and Athens fall close to, or bet•,een, 
the meteoric water line and the 'eastern Mediterranean precipitation' 
line in Fig. 3-1 (data from I.A.E.A.). 
The isotopic compositions of the world's meteoric waters 
at particular localities (i.e. their position on the meteoric water 
line!... 
Fig. 3-1 
The hydrogen and oxygen isotope compositions of the 
major geologic waterj; Primary ilagmatic Water (P.N.W.), Hetamorphic 
Water, sea waters (S.f.) and meteoric waters (1i.W.L. = meteoric 
water line, E. ied. I1.W. = eastern iediterranean meteoric waters). 
Data for present eastern elediterran sea wateru,and for meteoric 
waters from the Troodos mountains (upland waters) and the Troodos 
foothills and Nicosia (lowland waters) are also shown. The broken 
arrow shows the trend of the original composition of a water which 
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line) are closely related to the mean annual air temperature, with 
lighter waters precipitating at lower temperatures (e.g. higher 
latitudes and higher altitudes). Four Cyprus meteoric waters were 
analysed (Table A-l). A snow sample from Nount Olympus ("-2000 m. 
elevation) and a Troodos spring water ('8O0 m.) have similar 
compositions close toSD = - 327-e, S'8o = - 6.37... Two waters 
from near-dry river beds at lower altitudes (400 and 200 m.) have 
lower SD values of - 26 and - 137-., respectively. The latter 
sample had a S 18O value of - 2.57-., which is to the right of the 
meteoric water line, suggesting that it may have undergone 
evaporation from an original value indicated by the arrow in 
Fig. 3-1. The isotopic compositions of these analysed waters 
together with two Nicosia and three Prodhromos rain waters (data 
from I.A..A.) are shown in Fig. 3-1. Their 8D values are plotted 
as a function of sample altitude in Fig. 10-3. On the basis of this 
limited amount of data it is suggested that present day 'upland' 
(Troodos mountains) meteoric waters have generally lighter isotopic 
compositions than 'lowland' (Troodos foothills and Nicosia) waters; 
such a pattern is consistent with the fact that 'upland' air 
temperatures may be expected to be lower than 'lowland' temperatures. 
c) Primary Ilagmatic Nater 
The term Primary Magmatic Water (P.11.W.) is defined as 
H 
2 
 0 in equilibrium with magma at magmatic temperatures (Sheppard et 
al., 1969). On the basis of isotopic fractionations at magmatic 
temperatures (section 3.6) and the isotopic composition of basalts 
(section 3.3), P.M.W. for rocks of basaltic composition may be 
expected to have SD = - 40 to - 807. and 	= + 5.5 to + 8.07— 
(Sheppard!... 
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(Sheppard, 1976). This range of values, shown in Fig. 3-1, is used 
for Primary Magmatic tJater in the Troodos crust. 
d) Metamorphic \laters 
Because it has been suggested that the Troodos crust 
formed above a subduction zone (Pearce, 1974), it is necessary to 
consider the possibility that waters derived from the dehydration of 
a subducted lithospheric slab beneath Troodos (hereafter termed 
'metamorphic waters') may have been involved in its development. 
On the basis of an analysis later in this study 
(Appendix 8) and Sheppard (1976), metamorphic waters released during 
dehydration of subducted crust are considered to have compositions 
in the range SD = - 20 to - 607. and S 180 = + 4 to + 12Xa 11  Fig. 3-1. 
3,5 The Effect of Water/Rock Ratios on Isotopic Compositions 
The hydrogen and oxygen isotope composition of a water 
may be changed as a result of exchange with hydrogen and oxygen in 
rock through which the water passes. The magnitude of the isotopic 
'shift' - the amount by which the isotopic composition of the water 
(and/or the rock) is changed - depends on the initial isotopic 
composition of the water and the rock, the relative amount of the 
exchangeable element in the water and the rock, and the temperature 
(which controls the rock - H 
2 
 0 isotopic fractionations). The 
relative amount of the exchangeable element in the rock compared to 
water is conveniently expressed in terms of water/rock ratios (W/R). 
a) Oxygen 
Using a closed system model, Sheppard et al. (1969) 
showed that: 
32 
Isotopic changes in sea water and Primary i!agmatic 
later Dill and 	0/ 0 ratios as a result of exchange with initially 
fresh basaltic rocks, as a function of water/rock ratios and 
temperature. 
Lines show compositions of waters for exchange at 300 
and 500C; numbers along lines (i to 0.005) indicate water/rock 
ratios by weight. Initial fresh basalt as:;umed tD = 
8180 = +67... All rock - 1120 hydrogen isotope fractionations 
assumed equivalent to Troodos amphibole - H 
2  0 fractionations 
(Fig. 3-4). Solid lines calculated assuming oxygen isotope fraction-
ations equivalent to An60 - H20; broken lines assuming fractionations 
equivalent to amphibole - H20. Lines trending to higher SD values 
at lower water/rock ratios assume rock hydrated, from an initial 
water content of 0.5% H20, up to 2 1 , or 1 H 2 0 at 300 or 500C, 
respectively. - the lowest possible water/rock ratios are shown, 
where all the water is consumed during rock hydration. Lines 
trending to lower &D values at lower water/rock ratios are 
calculated assuming rock has initially 1 H 
2 
 0 and is not hydrated. 
Calculation methods are given in the text. Note that initial seawater 
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2W = Sr.i. - Sr,f. 	Eqn. 1 
R 	&w.f. - 8w.i. 
where W/R = water/rock ratio by weight, the factor of 2 assumes that 
water contains twice as much exchangeable oxygen as rock; Sr.i. = 
initial isotopic composition of rock; Sw.i. = initial isotopic 
composition of water; Sr.f. and 'r.f. = the final isotopic 
composition of the rock and water respectively, and are related by 
Sr,f. - Sw.f.= r.w. which is the rock - 1120 fractionation. 
Hydrogen 
Analogous expressions may be derived to describe the 
effects of water-rock exchange on the D/H ratios of water. Two 
models may be considered: one in which the rock is not hydrated 
(e.g. Ohmoto and Rye, 1974) where, for example, the rock contains 
an initial and final amount of 1% 112 0k , 
100 	= Sr.i. - Sr.f. 	Eqn. 2 
R Sw.f. .4w.i. 
A more realistic model for Troodos metamorphism may be 
one in which the rocks contain initially about 0.5% H 2 0 and are 
hydrated during metamorphism to 1, 1120  at high temperatures or to 
2% H 
2 
 0 + during lower temperature metamorphism, 
100 VI = 0.5 Sr.i. - 2 Sr.f. + 1.5 S wj. 	Eqn. 3 
R 	 Sw.f. - Sw.i. 
The symbols for these equations are the same as those 
for Eqn. 1 above, but refer to hydrogen. In Eqn. 3 the factors of 2 
and 1.5 are for a model involving hydration from 0.5 to 2% H2 0, for 





In Fig. 3-2 the final hydrogen and oxygen isotope 
compositions of seawaters and Primary flagmatic Waters which have 
interacted with a basalt (initial SD = - 60%., S 18 0 = + 6.07.), 
are shown as a function of exchinge temperatures and water/rock 
ratios; the parameters for Eqns. 1, 2 and 3 used in constructing 
Fig. 3-2 are given in the caption. It is apparent that the Dill 
ratio of a water is not significantly affected by exchange with rock, 
unless water/rock ratios are very low ('-0.1, by weight). This is 
a reflection of the fact that rocks contain very much les3 chemically 
bound hydrogen relative to the large amount of hydrogen in water. 
In contrast, water 
8
0/ 0 ratios are sensitive to exchange in 
systems with moderate water/rock ratios (e.g. in the range W/ll 
—O.l to 5, by weight; see also Fig. 8-1). Therefore, the D/H 
ratio tends to be more diagnostic of the water's origin, whilst its 
180/ 160 ratio may give information on water/rock ratios. It is 
emphasised that water/rock ratios calculated using Eqn. 1 are 
minimum values; the actual amount is critically related to the 
previou3 exchange history of the water prior to its 'seeing' the rock 
of interest (Sheppard et al., 1969; Ohinoto and Rye, 1974; Taylor, 
1974). 
3.6 Calculation of Isotopic Composition of \Iater 
The isotopic compositions of Troodos waters will be 
calculated by applying mineral - H 
2 
 0 fractionations to the isotopic 
data in Chapter 4. The calculations depend on knowledge of: 
the isotopic composition of the mineral, 
the equilibrium mineral - H 
2 
 0 isotopic fractionations as a 
function!... 
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function of temperature, 
the mineral - H 2 0 equilibrium temperature, 
the abundance (if they are present) of the isotope element 
species in the fluid other than H 2 
 0 and the isotopic 
fractionation between them (if they are significant). 
Oxygen Isotope Fractionations 
The oxygen isotope fractionations between minerals of 
interest to this study and water, as a function of temperature are 
shown in Figs. 3-3a  and b. These fractionation 'curves' are based 
on a variety of experimental and empirical data which are discussed 
in Appendix 7. The chlorite, and particularly the amphibole and 
epidote curves are not precisely enough lo-iown to allow accurate 
oxygen isotope geothermometric measurements, but may be used in 
calculating water compositions and giving qualitative temperature 
information. 
Hydrogen Isotope Fractionations 
Compared with the amount of data for oxygen isotope 
fractionations there are much fesrer data for hydrogen isotope 
fractionations. Hydrogen isotope fractionations between the hydrous 
minerals and water are shown in Fig. 3-4. These fractionation 
'curves' are based on a variety of data which are discussed in 
Appendix 7. In particular, it is important to note that mineral 
chemistry has a critical influence on hydrogen isotope fractionations 
(Suzuoki and Epstein, 1976 	); a number of Troodos minerals were 
analysed (microprobe data, Table A-6) and the data are used in 
calculating Troodos mineral - H 2 0 fractionations in Fig. 3-4. 
anera1/... 
Fig. 3-3a, 3-3b 
Mineral-H20 oxygen isotope fractionations as a function 
of temperature for minerals of interest to this study. Solid lines 
are for experimentally-derived curves; broken lines are for 
approximate curves based on empirical data. References and 
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Mineral-H20 hydrogen isotope fractionations as a 
function of temperature. Solid lines: experimental curves of 
Suzuoki and Epstein (1976). Broken lines: empirical curves, 
including those for epidote, chlorite and amphibole used in this 
study; bands about chlorite and amphibole represent range of 
fractionations resulting from range of mineral compositions. 
See Appendix 7. 
Note: 	Approximation: 1031n0( A-H20 
For the largest fractionations in this study, " 60 Z, this 
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Mineral - H 
2 
 0 Equilibrium Temperatures 
The attainment of isotopic equilibrium has been 
demonstrated for a very wide variety of geologic environments (see 
Taylor, 1974). Complete isotopic equilibration for some Troodos 
rocks at a particular metamorphic temperature may not have occurred. 
For example, where rocks contain anorthite-rich plagioclase with 
albite-rich rims or pyroxene only partially altered to hornblende, 
complete chemical and isotopic equilibration may not have occurred. 
However, in this study calculations are based entirely on minerals 
which have formed under the metamorphic-hydrothermal conditions of 
interest. Moreover, when more than one of these alteration 
minerals have been analysed from a particular sample their relative 
isotopic compositions are consistent with isotopic equilibrium. 
Temperatures used in calculating the isotopic 
compositions of waters are based on temperature data from Chapter 2 
(table 2-1), and isotopic temperatures and some fluid inclusion 
data mentioned later in the text. In most cases a range of 
isotopic compositions of waters are calculated for a possible range 
of temperatures. Because waters more 180 depleted than seawater are 
geologically unrealistic for greenschist facies samples (see 
Section 5.1, and Fig. 8-1) a minimum temperature can be derived for 
these assemblages. 
Fluid Composition 
Direct application of the isotopic fractionation data in 
Figs. 3-3 and 3-4 to the isotopic data requires that hydrogen and 
oxygen bearing species in the fluid other than H 20 (present as a 
liquid or super-critical vapour) do not affect the isotopic chemistry 
of!... 
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of the system. Consideration of the probably chemistry of the Troodos 
fluids (e.g. Eugster and Skippen, 1967; together with probable 
conditions in the Troodos crust) suggests that H 
2 
 0 was the only 
significant hydrogen or oxygen bearing species, or that if other 
species were present their isotopic fractionation effects were not 
significant (see Figs. 1 and 3 in Taylor, 1974). Qualitative 
considerations of these problems together with the effects of 
impurities in fluids (high salinities) are discussed by Taylor 
(1967, 1974) and Truesdell (1974). The possibility of boiling 





During Ilarch and April of 1973 a total of 250 samples 
were collected from the Troodos complex, Lirnassol Forest, the 
A.kamas peninsula, and the Namonia complex; a further 29 samples 
were donated. They comprised in terms of the number of samples 
(and in brackets the number of localities): 71 mine samples (9 
mines), 6 ochre samples (2 mines), 30 borehole samples of lavas and 
stockworks (3 sites), 19 U.P.L. samples (10 outcrops), 6 umbers (4), 
18 L.P.L. (9), 34 S.I.C. (21), 17 trondhjemites (9), 41 gabbros (28), 
10 ultrabasics (7), 21 serpentines (14) and 6 waters (6). 
Of these samples 128 were analysed. Descriptions of the 
samples analysed, together with their locations, are given in 
Table A-i. The distributions of the different sample outcrops are 
shown in Figs. 4-1 and 11-1. 
42 Preparation and Analysis 
Details of sample preparation and isotopic analysis are 
given in Appendices 3 and 4. With the exception of stockwork 
samples, whole rock samples were prepared from portions of the rock 
considered to be representative of the rock as a whole. Stockwork 
'whole rock'!... 
g4- 1 
Generalised geological map of the Troodos complex, 
Cyprus, showing the major massive sulphide orebodies and the 
locations of the sample outcrops. Additional sample localities 
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'whole rock' samples were prepared to contain no significant amount 
of vein material, and pyrite was separated prior to analysis. 
Carbonate (essentially restricted to U.P.L. samples) was removed 
from whole rock samples prior to their oxygen isotope analysis. 
Amphiboles, epidote, chlorite, quartz, plagioclase, calcite and 
serpentine were separated using a variety of methods; sample 
purity was better than 95 . Jell established analytical methods 
were used to extract hydrogen, carbon and oxygen from minerals and 
whole rocks after removal of interlayer or absorbed water (cCrea, 
1950; Godfrey, 1962; Clayton and Nayeda, 1963). Isotopic ratios 
were determined on 112  and CO2 gases in licKinney-Iiier type mass 
spectrometers. 
4.3 Exchange Experiments 
Exchange experiments were conducted on a variety of 
samples using D- and 180-enriched waters; details are given in 
Appendix 5. The results showed that hydrogen isotope analysis of 
zeolite fades rocks and umbers and ochres may be of generally 
limited use geologically because hydrogen exchange occurs within a 
few days at room temperature. 
ISOTOPIC DATA 
Isotopic data for all samples analysed are given in 
Table A-2. The whole rock S80  data for Troodos samples are 
discussed first and compared with data from other ophiolite complexes 
and from oceanic samples. The SD whole rock data and the isotopic 
characteristics of the individual minerals are then outlined. 
4.4/... 
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4.4 Whole Rock Samiles - 180/160 Ratios 
The Troodos S 
18 
 0 whole rock data discussed here are for 
non-vein associated samples; the sample mineralogies are given in 
18 
Table A-i. Whole rock S 0 values for Troodos zeolite facies U.P.L. 
and L.P.L. lavas, m.ineralised altered basalts from stockworks, and 
greenschist/amphibolite facies 3.I.C., trondhjemites and gabbros 
from this study are shown on Fig. 4-2. Fig. 4-3 compares the 5180 
values of fresh suboceanic basalts with data for basalts, dolerites 
and gabbros from oceanic dredge and drill-cores, and from 
ophiolites - Troodos which has suffered no syri- or post-emplacement 
metamorphism, and Pindon and Liguria which have. Compared with 
fresh oceanic basalts from 'normal' and behind-arc basins having 
180 = + 5.5 to + 6.27. (Section 3.3): 
(1) Five Troodos gabbros have similar values, ranging 
+ 5.3 to + 6,57-., average + 6.07..; they include two fresh gabbros 
with S 0 values of + 5.7 and + 6.57.. (cumulate-layered sample 45 
and sample 75). The Troodos gabbros are, on average, 1.2Z. heavier 
than the four oceanic gabbros in Fig. 4-3. However, the Troodos 
gabbro samples contained 60-7 plagioclase, most of which was 
strongly. twinned and appeared fresh, and for one sample (Cy 129) 
•7 plagioclase 
18 
 0 = + 6.2/..
, 
 ; the remaining 30-40 of the gabbros 
were essentially pyroxene or amphibole. In contrast, for the two 
180-depleted oceanic gabbro samples on which mineral separates were 
made (iIuehlenbachs and Clayton, 1972b; Pineau et al., 1976), the 
plagioclase was considered to be isotopically altered, yielding 
8180 values of + 4.0 and + 4.9/... it is suggested, therefore, that 
this slight difference between Troodos gabbros and some oceanic 
gabbro/... 
4-2 
Troodos whole rock and mineral separate S180 data. 
Tie-lines connect co-existing minerals. Fresh oceanic basalts are 
from Fig. 4-3. 
jg. 4-3 
Summary of the whole rock oxygen isotope data for 
oceanic and ophiolite basalts, dolerites and gabbros. 
Oceanic data from Taylor (1968), Garlick and Dymond 
(1970), Muehlenbachs and Clayton (1971, 1972a, b), Pineau et al. 
(1976), Easton et al. (1976) and Jehi et al. (1976). Troodos 
data from: crosses, Ilargaritz and Taylor (1974); open circles, 
Spooner et al. (1974); solid circles, this study. Pindos data 
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gabbro whole rock S 80 values may be a consequence of differences in 
the - temperature and relative masses of the exchanging reservoirs 
during alteration, and not necessarily due to differences in the 
initial oxygen isotope compositions of the magmas. 
The majority of the S.I.C. metadolerites analysed 
have S 18 0 values in the range + 4.4 to + 6.07. (6 samples average 
+ 5.47-.); this range includes samples from the very base to the 
very top of the S.I.C. These values are slightly lower than those 
reported for oceanic dolerites (Fig. 4-3). This probably reflects 
differences in modal mineralogy: the Troodos S.I.C. rocks commonly 
-. contain more of the relatively 
18  0-poor chlorite (up to )5,) and 
less of the relatively 180-rich quartz than the oceanic dolerites 
(mineralogy in Aumento et al., 1971). Two Troodos S.I.C. samples 
gave high S 180 values, + 8.7 and + 9.77.; the heavier sample 
(sample no. 5) had a significant amount of quartz (25) and both 
samples contained at least 5T5 plagioclase An530, which for the 
lighter sample was + 10.67. (sample 16-3). 
Zeolite facies U.P.L. and L.P.L. samples (Figs. 4-1 
and 4-2) show a wide range of S 80 values: U.P.L. + 11.8 to + 16.07.. 
(f our samples; average-I- 14.1Z.), L.P.L. + 7.7 to + 12.57.. (five 
samples; average + 10.3%.). These are within the range for altered 
oceanic basalts, but are generally more 180-rich than many altered 
oceanio basalts. The two most 180-rich Troodos samples come from the 
U.P.L. very close to the Skouriotissa orebody (samples 8k 1.4 and 
8k 2.4), and may have been involved in supergene processes in the 
subaerial environment. There is no evidence for subaerial processes 
affecting the other pillow lava samples, two of which were borehole 
samples!... 
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samples from depths of 80 and 200 metres (samples 40/258 and 40/652). 
For many of the altered oceanic basalts studied, a progressive 
increase in 9 80 values with H 2 
 0 + content has been observed, and the 
samples are considered to have undergone low (surface) temperature 
alteration close to the sea floor (Garlick and Dymond, 1970; 
I•iuehlenbachs and Clayton, 1972a). For the Troodos pillow lavas, 
metamorphosed up to zeolite fades temperatures, there is no 
apparent correlation between 5 18 0 values and H 2 
 0 + content (see 
Table A-2). The lowest 8 180 value (+ 7.77.0; 1.8 H20) was for the 
glassy rim of a L.P.L. pillow. 
'Whole rock' samples of hydrothermally altered basalt 
from Troodos stockworks ('whole rock' excludes vein material, 
Section 4-2) have 9 180 values between + 1.4 and + 4.17.o (five 
samples from four L.P.L. mines and a S.I.C. prospect; average 
+ 2.97.). These 'whole rock' samples are mixtures of quartz and 
chlorite; isotopic analyses of geologically comparable oceanic 
samples have not been reported. 
4.5 Whole Rock Samples - D/H Ratios 
Fig. 4-4 compares SD data for Troodos samples with 
zeolite and greensehist facies oceanic dredge samples. For many of 
the Troodos samples (e.g. those lacking epidote) chlorite or 
amphibole are the only hydrous minerals; the D/H ratios of these 
minerals closely represent the whole rock ratios. Therefore, the 
values observed for the stockworks, S.I.C., trondhjemites and 
gabbros are within the range of values for the small number of 
suboceanic metabasalts and metadolerites, many in the greenschist 
facies/... 
Fig. 4-4 
Troodos whole rock and mineral separate SD data 
(whole rock values for the majority of stockirork, S.I.C., 
trondhjemite and gabbro samples which lack epidote are equivalent 
to the chlorite-amphibole mineral separate values). The data are 
compared with data from St. Paul's Rocks (Sheppard and Epstein, 1970), 
sub-oceanic metamorphosed basalts and dolerites (Jehl et al., 1976) 
and fresh continental basalts (summarised by Taylor, 1974). 
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facies, that have been analysed (Fig. 4-4). The measured SD values 
of the majority of Troodos zeolite facies pillow lavas (note exchange 
'problems', Appendix 5) lie in the range - 40 to - 667..; the high 
s18o (+ 16.07..) sample from Skouriotissa yielded SD = - 787.. and an 
extremely clay-rich sample from the Kokkinoyia mine (sample Ko 5; 
7.1% 1120) a value of - 367... 
4.6 Ilineral Separates 
The hydrogen and oxygen isotope compositions of Troodos 
minerals are suiimarised in Figs. 4-2,4-4,10-2 and .10-3, with calcite 
813C and S 18o data in Figs. 5-4 and 10-5. 
a) Amphiboles 
Isotopically analysed amphibole separates include blue-
green hornblende and fibrous actinolite, or more commonly intergrown 
mixtures of the two since hornblende invariably shows some retrograde 
alteration to actinolite. Whilst the actinolite and hornblende are 
petrographically quite distinct, they are less chemically distinct 
(Appendix 6). There is no evidence for any significant differences 
in the isotopic compositions of Troodos actinolites and amphiboles; 
they are therefore considered together. 
Ainphiboles from the gabbros, trondhjemites, and lower 
parts of the S.I.C., excluding amphiboles associated with epidote 
veins, have D values of - 43 to -54°!.. ( twelve samples; average 
/ 
- 48,..), and 8 18 0 values of + 3.8 to + 5.7/.. iseven samples; 
average + 4.87..). An actinolite from an epidote vein in the gabbros 
(sample 35-2) has SD = - 477., whichis identical to the other 
actinolites, but together with another amphibole (actinolite- 
hornblend.e/... 
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hornblende mixture) from epidote-veined gabbros, is depleted in 180 
(+ 1.5 and + o.e%o, respectively). 
Chiorites 
Chlorite samples come from the S.I.C. as part of the 
greenschist fades, and from the stockorks. The S.I.C. chiorites 
have a fairly restricted range of compositions (pycnochlorite) whilst 
stockwork chiorites, although chemically similar to S.I.C. chlorites, 
have a wider range of compositions (Appendix 6). Chlorites from 
the top to the bottom of the S.I.C. have SD = - 34 to - 437.. (seven 
samples; average - 39%.) and S 80 = + 2.7 to + 3.97.. (three samples; 
average + 3.37). Chiorites from the stockworks have SD = - 33 and 
- 417.. (seven samples; average - 387.), which are indistinguishable 
from the greenschist facies chlorites. In contrast, however, the 
stockwork chiorites are depleted in 180 (approximately - 0.9 to 
+ 1.47-.; calculated from 'whole rock' data and quartz separate 
data). 
Epidotes 
Troodos epidotes have compositions in the range 22 to 32% 
pistacite (Appendix 6). Vein-associated epidotes from the S.I.C., 
trondhjemites and gabbros are strongly enriched in deuterium relative 
to all other analysed minerals (+ 7 to - 3%.; seven samples; 
average + 2/..) and have 5 180 = 0.0 to + 3.40%. (five samples; 
average + 1.27..). in epidote from a gabbro which is not obviously 
associated with a vein (sample 15-2) has a similar SD value (+ 5%.) 
but is enriched in 
18 	3.87..) relative to the vein epidotes. 
Epidotes from vesicles in deep borehole samples in stockwork beneath 
the Skouriotissa mine (samples 74/1425 and 74/1475) have SD = - 13 
and!... 
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and - 184, a vesicle epidote from a S.I.C. stocktirork (sample 
12/665) a value of - 5%. and a S.I.C. interpillow cavity epidote 
(sample 68) a value of - 87a. The Dill ratios of these epidotes are 
slightly lower than those for the vein epidotes, although 180/160 
ratios may be similar (sample 74/1475 and 68 both yield 5180 = 
+ 0.2 °/.o). 
Plagioclase 
Three plagioclase sesarates were analysed. 'Cloudy' 
(i.e. altered) plagioclase phenocrysts fron a lower S.I.C. sheet 
(sample 16-3), and plagioclase phenocrysts with cloudy cores and 
clear zoned rims from a non-veined gabbro outcrop (sample 15-1) 
yielded S 
18
0 values of + 10.6 and + 10.57 respectively; the 
compositions of these phenocrysts were between An and An 85
10 
(Appendix 6). Clear twinned plagioclase from a non-veined gabbro 
outcrop (sample Cy 129) yielded a 5180  value of + 6.2%, extinction 
angle measurements suggest a composition of about A.n 7080 . 
Quartz 
Quartz coexisting with epidote from veins in a S.I.C., 
a trondhjemite and a gabbro outcrop (samples 33-1, 11-1 and 35-2) 
have 9180 values of + 9.5, + 6.4 and + 6.87. respectively, and quartz 
from a gabbro peginatite, + 7.67. (sample 79). Quartz from the 
finely intergrown quartz-chlorite-pyrite groundmass of altered 
stockwork basalts (i.e. excluding vein quartz), hereafter termed 
'groundmass quartz', has 8180  values of + 5.5 to + 7.07*. (five 
samples from different stockworks; average + 6.37,). In contrast, 
vein quartz from stockworks has S 18o  values + 10.5 to 14.17 (five 
samples; average 12.17.). A drusy quartz from a large vesicle 
from/... 
-43- 
from the lower parts of the L.P.L. (sample 92), and a chalcedonic 
vein quartz from the L.P.L. ksample 95-1) yielded S 180 values of 
+ 31.7 and + 30.9Z6 respectively. 
f) Calcites 
Calcite occurring as pseudomorphs after olivine and as 
an interpillow-cavity filling in the U.P.L., and as a vein in a 
L.P.L. hyaloclastite has S 3C values of ± 0.7 to + 2.67.. (four 
samples; average + 2.07..) and S 
18
0 + 29.1 to + 31.67.. (four 
samples; average + 30.6%.). in upperS.I.C. interpillow-cavity 
calcite yielded a similar S '3C value of + 2.17., but a lower 5180 
value of + 16.07-. 
Calcite occurring in the groundmass and as veins in a 
trondhjemite outcrop within the upper parts of the S.I.C. gave 
513c = - 8.37.. and S 80 = + 26.3%. (sample 49). Similar values, 
13 	 18 	 •1 C = - 7.27., S 0 = + 26.2i. were obtained for a sparry calcite 
cement in a serpentinised dunite stream conglomerate (sample T200B). 
A brick-red soft calcite vein cutting an U.P.L. outcrop (sample 
10-1) yielded 8 13C and S180 values of - 2.6 and + 30.17.. respectively. 
g) Serpentines 
LizarditeMry3OtileS (for notation, Section 10.1) and an 
antigorite sample from a number of ultrabasic rocks from the Troodos 
complex (including the Limassol Forest area and the Akamas peninsula) 
and the Namonia complex have SD values in the range - 56 to - 897.., 
(twelve samples), 9 
18 + 
4.6 to + 12.77- (seven samples). Samples 
from different areas are isotopically distinct, they are discussed 
in detail in Section 10.2. 
h)/... 
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h) Umbers and Ochres 
Umber and ochre samples having similar mineralogies 
(Fe-Mn hydroxyoxides for umbers, Fe hydroxyoxides for ochres) have 
similar isotopic compositions. 3 180 values for umbers range + 5.9 to 
+ 12.37.. (four samples) whilst two ochre samples yielded S180 = 
+ 7.3 and + 12.2°!... Measured SD values must be interpreted with 
caution because of exchange 'problems' (Appendix 5); three umber 
samples ranged - 102 to - 1447.., with one ochre sample = - 1227... A 
., montmorillonite-rich umber clay band yielded SD = - 53i.., 518  0 = 
+ 18.37—; a palygorskite-rich umber band, 5 
18
0 = + 34.67.. 
SUIU1ARY 
The hydrogen, oxygen and carbon isotope data for all 
Troodos whole rock and minerals analysed in this study have been 
summarised. On the basis of isotopic and field criteria the data 
are discussed in the succeeding work by division into: 
i) Pervasive greenschist/amphibolite facies metamorphism 
of the 3.I.C., trondhjem.ites and gabbros. 
Epidote veins in the S.I.C., trondhjemites and 
gabbros. 
Zeolite facies alteration of the pillow lavas. 
Stockworks, where sulphur isotope data are also 
discussed. 
Umbers and ochres. 
Serpentinisation-related process. 
CHAPTER 5 
I.IETAMORPHISH OF THE GABBROS., 
TRONDHJEiiITES • S • I . C • AND PILLOW LAV 
GREENSCHIST AND AlIPHIBOLITE FXCIES 
5.1 Pervasive Metamorphism 
The calculated isotopic compositions of waters in 
equilibrium with chiorites, actinolites, and hornblendes from the 
S.I.C. and gabbros are shown in Fig. 5-1. The waters are calculated 
for a variety of temperatures using the fractionation data in 
Figs. 3-3 and 3-4. Fields for the isotopic compositions of seawater, 
primary magmatic water and metamorphic waters are given for 
reference (from Section 3.4). The samples from which the minerals 
in Fig. 5-1 were separated were not obviously associated with epidote 
veins, and are, therefore, considered to represent metamorphic 
minerals in the pervasively altered S.I.C. and gabbros away from the 
veins. 
For greenschist facies temperatures of about 200 to 
400C the calculated Troodos waters have SD values very similar to 
tho'se of seawater. Hydrogen isotope compositions are particularly 
diagnostic of a water's source (Section 3.5) and the data in Fig. 5-1 
provide conclusive evidence for seawater being the dominant source of 
water during this stage of hydrothermal metamorphism. When 
uncertainties in the mineral - H 2 
 0 fractionation data are taken into 
account!... 
Fig 5-1 
Calculated hydrogen and oxygen isotope compositions 
of waters in equlibrium with Troodos S.I.C. and gabbro chiorites, 
amphibolen and quartz at 200-800C. 
The fields for sea water (s.i., the star reoresents 
primary magmatic water, metamorphic water and the 
meteoric water line (.i.''.) are given for reference and are from 
Fig. 3-1. The isotopic composition of sea water which has exchanged 
with basalt at the indicated temperature and water/rock ratio 
is from Fig. 3-2, assuming initial seawater SD = - 7%., 5 0 = -1/and 
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account, the calculated hydrogen and oxygen isotopic compositions 
of the chlorite waters and actinolite waters are near-identical at a 
given temperature; this suggests that the chlorite and actinolite 
have preserved their equilibrium fractionations. 
In Fig. 5-1, if the oxygen isotope compositions of the 
seawater fluids had undergone a 'shift' from their original value 
as a result of exchange in a system with low water/rock ratios 
(Section 3.5), the shift would be towards tugher 9180 values for 
greenschist fades temperatures. Therefore, since the seawater 
. 18 
fluids would have a minimum o 0 value of ' - if.., the data in 
Fig. 5-1 set a minimum temperature of about 200C. For greenschist 
facies temperatures of 200 to about 400C there is no depletion in 
the calculated deuterium content of the waters compared with 
seawater, and therefore no isotopic evidence for a significant 
magmatic and/or metamorphic water contribution to the fluid. 
'daters in equilibrium with the amphiboles, from near the 
base of the S.I.C. and in the upper parts of the gabbros, have SD 
values depleted in deuteriurn relative to seawater if temperature3 
were higher than about 400 to 500C. Many of the Troodos hornblendes 
show evidence for a metamorphic origin, suggesting that they formed 
under amphibolite facies temperatures higher than 500'C (Section 2.7). 
If isotopic equilibrium is preserved at temperatures greater than 
500C, then a metamorphic or magmatic water component is probably 
present in the fluid, with the indicated amount of this component 
increasing with increase in temperature (Fig. 5-1); it should be 
noted that magmatic water, if present, could still have ultimately 
been of seawater origin ('sea.rater maginatic water' see Chapter ii). 
However!... 
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However, all hornblonde samples studied show some degree 
of retrograde alteration to actinolite (Appendix 6). It is possible 
that if the hornblende formed at temperatures higher than about 
500C, then it underwent retrograde isotopic exchange during the 
formation of actinolite. The apparent similarity between the 
isotopic compositions of hornblende and actinolite (Figs. 4-2 and 
4-4) may result, therefore, from the isotopic equilibration of 
amphibole as a whole (i.e. hornbiende plus actinolite) with seawater 
fluids under retrograde greenschist facies temperature conditions. 
Under such circumstances isotopic evidence as to the source of the 
prograde arnphiholite fades hornbleride waters will have been 
obscured. 
Hornblende is characteristic of the upper parts of the 
gabbros but it is absent from the fresh cumulate-layered lower parts 
of the gabbros. This implies that if the hornblendes were originally 
of igneous origin then the water content of the initial magma may 
have been low, since at the low pressures which may be expected at 
the depth of gabbro emplacement ('2-3 kbr., Fig. 2-1) amphibole. 
stability decreases with decreasing magma fluid water content 
(Holloway, 1973). Chemically and petrographically at least the 
majority of hornblende appears to be metamorphic (Appendix 6), and 
water most probably entered the gabbros from above (i.e. seawater) 
to hydrate the upper parts of the gabbros, rather than from below 
(metamorphic water from an underlying subduction zone) since the 
lower gabbros are amphibole-free. 
In one gabbro sample (Cy 129) clear, well-twinned 
plagioclase, which appeared texturally fresh and showed no sign of 
albitisation/... 
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albitisation, yielded a 9 180 value of + 6.27ao; this may be regarded 
as a typical value for unaltered gabbro plagioclase (Taylor, 1968, 
1974). In contrast, plagioclase with turbid cores (An 85 ) and clear 
zoned rims (&n30 ) in a gabbro sample (is-i) has a much higher 9 80 
value of + 10.57.; cloudy piagiociase (iLn1085 ) in a lower S.I.C. 
sample (16-3) also has a high S180 value of + 10.67... Amphibole in 
gabbro sample 15-1, and chlorite in the S.I.C. sample 16-3 have 
18 values of + 5.3 and + 2.7%o respectively. If the plagioclase-
amphibole and plagioclase-chiorite oxygen isotope fractionations 
were equilibrium fractionations they would indicate unreasonably low 
temperatures ('. 200C). It is well established that plagioclase can 
continue retrograde oxygen isotope exchange down to quite low 
temperatures, and non-equilibrium plagioclase-minerai oxygen isotope 
fractionations have been measured in a number of rocks, including 
oceanic samples (Taylor, 1968; IIuehlenbachs and Clayton, 1971, 1972b). 
These two altered 180-rich S.I.C. and gabbro plagioclases may have 
continued equilibrium oxygen isotope exchange with seawater fluids 
during retrograde cooling down to temperatures much lower than 
amphibole and chlorite formation. 
Quartz occurring as graphic intergrowths with plagioclase 
in a late-stage gabbro pegrnatite vein (sample 79) yielded a 
value of + 	(Fig. 5-1).  Amphibole occurs in the margin of the 
vein at its contact with gabbros, and its SD value of - si% suggests 
formation in the presence of seawater. The calculated isotopic 
composition of water in equilibrium with the quartz is shown in 
Fig. 5-1, and sets a minimum temperature of 300C for quartz 
formation (cf. epidote vein quartz, Section 5.2). 
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5.2 Epidote Veins 
Epidote-quartz veins, commonly with well developed 
epidote and quartz rich halos, are a common feature of S.I.C., 
trondhjemite and gabbro outcrops. Four epidotes from veins in upper 
parts of the S.I.C., lower S.I.C., trondhjeaites and upper gabbros 
are shown in Fig. 5-2, together with quartz, and actinolite and 
quartz, coexisting with two of the vein epidotes. 
The isotopic compositions of the waters are calculated 
for 400 and 500C. The results indicate that 320 to 400C is a 
minimum temperature of formation for these vein assemblages. Fluid 
inclusion homogenisation temperatures on the vein-halo assemblage 
for the trondhjernite sample in Fig. 5-2 (sample 11-1) are in the 
range 340 to 400C (unpublished data with B. Poty and S. Sheppard), 
and support the isotopic temperatures as minimum values. 
Uncertainties in epidote and actinolite - H 
2 
 0 fractionations 
preclude the use of isotopic data for these minerals for precise 
geothermometry. However, for the coexisting quartz-epidote and. 
quartz-epidote-actinolite samples, the hydrogen and oxygen isotope 
compositions of the calculated waters are much more nearly identical 
at 350 to 400C than at 500C; temperatures of about 350 to 400C 
are therefore favoured. At these temperatures seawater is 
overwhelmingly the dominant component of the hydrothermal fluids. 
An epidote from a S.I.C. vein-halo (sample 33-1) yielded 
a S 180 value of + 3.47-, with coexisting quartz, + 9.57... These 
minerals either formed from waters of the same oxygen isotope 
composition as the vein waters in Fig. 5-2 at lower temperatures, or 
formed from waters with higher 180/160 ratios at similar temperatures. 
The!... 
5-2 
Calculated hydrogen and oxygen isotope composition3 
of waters in equilibrium with epidote, actiriolite and quartz from 
veins in the S.I.C., trondhjemites and gabbros,and '.rith non-vein 
associated gabbro epidote and amphibole at 400-500C. 
Dashed lines connect co-existing minerals. 3..., 
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The quartz-epidote fractionation for this sample is similar to those 
in Fig. 5-2, which favours similar temperatures. 
Fig. 5-2 also shows the isotopic compositions of waters 
associated with epidote and amphibole, disseminated in a gabbro sample 
(sample 15-2), which is not obviously associated with any vein. At 
400 and 500C the hydrogen isotope compositions of the waters are 
identical to the vein epidote fluids and seawater, but they are 
enriched in 180 by 3 to 5 relative to seawater. This suggests that 
the seawater fluids for this gabbro sample had undergone an oxygen 
isotope shift as a result of exchange (Fig. 5-2), the water/rock 
ratios being lower than those for the veins in Fig. 5-2. It is 
noted that the indicated isotopic composition of the waters for this 
(non-vein associated) epidote bearing gabbro sample are identical to 
those derived for the non-veined greenschist facies assemblages at 
similar temperatures in Fig. 5-1. 
ZEOIJITE FACIES 
5,3 Pillow Lava Whole Rocks 
Data for the rock units below the zeolite facies pillow 
lavas demonstrate that the metamorphic fluids were overwhelmingly of 
seawater origin. Large volumes of seawater, therefore, must be 
expected during the zeolite facies alteration of the units overlying 
the S.I.C. Because of the exchange 'problems' associated with 
hydrogen isotope analysis of zeolite facies samples (Appendix 5), 




L.P.L. and U.P.L. whole rock 
18
0 values are in the 
range + 7.7 to + 12.5Z and + 11.8 to + l6.O7.., respectively, and are 
therefore enriched in 180 by several per mu, compared with a fresh 
oceanic basalt S 18 0 value of about + 6.. This increase in pillow 
lava s18o va1ies must result largely from the formation of secondary 
minerals such as zeolites, silica, albite, celadonite and particularly 
montmorillonite, with perhaps some isotopic lov. temperature re-
equilibration of relict phases (p1aioclase, pyroxene, olivine, etc.). 
In Fig. 5-3 theoretical basalt whole rock R 0 values, resulting 
from alteration in the presence of seawater, are calculated as a 
function of temperature and degree of alteration, assuming: 
(1) the altered part of the whole rock was in equilibrium with 
seawater S 18 0 = - iZ., and the alteration minerals - H 2  0 
fractionations approximate to an intermediate between montmorillonite-
H2 0 and quartz-11 2 0 fractionations (Fig. 3-3b); (2) the unaltered 
component of the lavas maintained a S 
O 
 value of + 67... 
Fig. 5-3 demonstrates that pillow lava whole rock values 
will increase with increasing degree of alteration and decreasing 
temperature. The per cent alteration of Troodos pillow lava samples 
can only be qualitatively estimated in terms of maximum and minimum 
values. The possible maximum alteratibn is calculated by subtracting 
from lOOt, the per cent modal fresh plagioclase, pyroxene and olivine 
in the sample; the minimum alteration is calculated from the H 2 
 0 
+ 
content of the sample (Table A-2) assuming alteration minerals 
contain typically about 7 	although some of the alteration 
may be largely non-hydrous (e.g. albite, silica). The calculated 
maximum!... 
2J 5-3 
The V 80 values of Troodos U.P.L. and L.P.L. whole 
rock samples, with the estimated maximum and minimum limits for 
their percent alteration. They are compared to the calculated 
&180 values for basalt which has undergone alteration by sea water 
as a function of the alteration temperature (0-200C.) and percent 
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maximum and minimum per cent alteration of the Troodos pillow lavas, 
with their &8o whole rock values, are shown in Fig. 5-3. 
The data in Fig. 5-3 indicate that U.P.L. and L.P.L. 
whole rock 9 80 values are consistent with pillow lava alteration in 
equilibrium with seawater. Depending on the amount of alteration 
temperatures up to 100 . to 200C are suggested; which are reasonable 
for zeolite facies metamorphism. 
Oceanic basalts 'weathered' at low temperatures close to 
the sea floor commonly show a correlation between whole rock 3 180 
+ 
values and H 
2 
 0 + content, samples with higher H 
2 
 0 being more 
18
0-
rich (Garlick and Dymond, 1970; Uuehlenbachs and Clayton, 1972a). 
Huehlenbachs and Clayton (1972a) suggest that this results from the 
gradual formation of montmorillonite on weathering. Ho such 
correlation is observed between S 0 and 112 0+ of six Troodos pillow 
lavas (Table 1-2); similar 110+  contents were measured for samples 
having a wide range of 8 180 values. This may be a result of the 
isotopic equilibration or formation of much larger amounts of non-
hydrous or H20-poor minerals during zeolite facies metamorphic 
alteration, than during low temperature 'weathering'. 
b) Hydrogen 
With the exception of two possibly anomalous pillow lava 
samples having SD values of - 36 and - 787... (Section 4.5) the majority 
of pillow lavas have measured values in the range -40 to -66%. 
(thirteen samples; average -55%.). There is no apparent correlation 
between pillow SD values and their stratigraphic position (Fig. 4-4). 
Three L.P.L. samples from depths of 80, 162 and 200 metres in the 
same borehole yielded virtually identical SD values of - 63 to -647...., 
with!... 
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with an U.P.L. from 61 metres depth in the borehole a SD value of 
- 547—. The glassy rim of a L.P.L. pillor, and a sample 5 cm. in 
from the rim, yielded identical SD values of - 40%. (sample 67); a 
L.P.L. sample from an outcrop 150 metres away, a value of - 54%.. 
Zeolites, montmorillonite and celadonite represent the 
main hydrous minerals. The Troodos samples analysed were selected to 
contain no visible zeolites and, whilst zeolites were probably present 
in the groundrnass, they are not considered further in this 
qualitative discussion since little is known about zeolite-1120 
fractionations. Savin and Epstein (1970) report ED values of - 68 
and - 78%. for two montmorillonites, and - 74%. for a glauconite, 
considered to have been in isotopic equilibrium with sea water at 
sea floor temperatures. Celadonite has compositions and 'properties' 
essentially indistinguishable from those of glauconite (Deer et al., 
1962). If it is assumed that variations in montrnorillonite-H 20 and 
glauconite-H20 hydrogen isotope fractionations as a function of 
temperature are similar to those of other hydrous minerals (Fig. 3-4)9 
then these fractionations may be about 15 to 207— smaller at 200C 
than at sea floor temperatures. Therefore, one might expect basalts 
containing montmorillonite and celadonite, altered in equilibrium 
with seawater (SD_ 77.) at 0-200C, to have SD values in the range 
- 55 to - 85 7-.. A great many of the Troodos U.P.L. and L.P.L. 
samples have SD values within this range. Therefore, whilst hydrogen 
isotope exchange 'problems' and the approximate nature of the above 
discussion preclude precise interpretation, the hydrogen isotope 
data for many of the Troodos pillow lava samples are reasonably 




The carbon and oxygen isotope compositions of five 
calcites from the U.P.L., L.P.L. and upper S.I.C. are shown in 
Fig. 5-4. Also shown are the calculated isotopic compositions of 
the fluids in equilibrium with these calcites at 0-100C, assuming 
HCO3 or 112CO3 to be the dominant carbon species in the fluid; 
calcite-fluid oxygen and carbon isotope fractionations are from 
Fig. 3-2b and data in Emrich et al. (1970) and Ohmoto (1972). The 
isotopic compm;itions of these calculated Troodos calcite-forming 
fluids may be compared to the suggested isotopic compositions of 
seawater, meteoric water and magmatic water fluids (Fig. 5-4). 
At low temperatures in the Troodos pillow lavas fluid pH 
values may be expected to be close to 8 (approximate pH of seawater) 
and HCO3 will be the dominant carbon species in the fluids; the 
carbon isotope data in Fig. 5-4 then indicates a seawater source for 
the pillow lava calcite-forming fluids. Hydrogen and oxygen isotope 
data (above) for samples from the same outcrop as the upper S.I.C. 
calcite (samples 68, 69 and 70) demonstrate greenschist fades 
metamorphism by seawater; for the calcite to have formed from 
seawater fluids its carbon isotope composition indicates that HCO3 
must also have been the dominant carbon species in upper S.I.C. 
calcite-forming fluids (Fig. 5-4). 
For calcite formation from seawater fluids the oxygen 
isotope data in Fig. 5-4 suggest temperatures of 10 to 15C for the 
pillow lava calcites, and about 100C for the upper S.I.C. calcite 
(for seawater S 
18
0 = - iI.). If low water/rock ratios were involved 
(which is unlikely, Chapter 8) these temperatures would be maximum 
values!... 
Fig. 5-4 
Calculated carbon and oxygen isotope compositions of 
fluids in equilibrium with pillow lava and upper S.I.C. calcites 
at O to lOO'C; assuming HCO3 or H2CO3 as predominant carbon 
species in fluid. Calculated calcite fluids are compared to the 
suggested compositions of seawater fluids (data in Garlick, 1975; 
Section 3.4), meteoric water fluids (data in Schwar, 1969 and 
Section 3.4) and magmatic fluids (from carbon isotope compositions 
of igneous rocks, Schwarz, 1969,' and deep-seated carbon in oceanic 
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1 values since seawater 0/ 0 ratios would 'hift' to lower values 
during water-basalt exchange at temperatures less than "-'200C (see 
Fig. 8-1). 
There is no evidence for the presence of magmatic or 
meteoric water fluids during the formation of these calcite3. Such 
an interpretation would require low 'fluid pH for the formation of 
H2CO3 as the dominant carbon species (Fig. 5-4) which would not 
favour calcite stability. Low teiperature magrr.atic fluids (> 50C, 
Fig. 5-4) are at any rate considered unlikely 'in the Troodos crust 
since there is no evidence for their presence in the Troodos crust 
at higher temperatures (sections above). Troodos calcites formed 
from meteoric water fluids, discussed in Chapter 10, have isotopic 
compositions distinct from those in Fig. 5-4. 
5.5 Quartz 
Drusy quartz from a large vesicle in a pillow close to 
the base of the L.P.L. (sample 92) yielded S 180 = + 31.7704, with a 
milky chalcedonic vein quartz from a L.P.L. glassy vent agglomerate 
(sample 95-1) a value of + 30.9 7... A drusy cavity quartz,, from a 
D.S.D.P. borehole, with a S 180 value of + 29.81 was suggested to 
have formed in equilibrium with seawater ( 18 0- OLo) at 32C 
(Knauth and Epstein, 1975). If the two L.P.L. quartz samples formed 
in equilibrium with seawater (8 180 "- - 14.), temperatures of about 
20C are suggested for their formation (using the Knauth and Epstein, 
1975, qu.artz-H20 fractionation curve in Fig. 3-3b). 
fIrAD1U'T Z 
CUPRIFEROUS SULPHIDE OREBODIES 
GEOLOGY AND MINERALOGY 
6.1 Field Occurrence 
A diagramatic cross-section of a Troodos sulphide 
orebody is shom in Fig. 6-1. Typically, two main zones are 
recognised - the massive sulphide ore and the underlying stockwork 
zone. The precise form of the orebodies, particularly the lateral 
width of the stockwork zones, and their stratigraohic positions are 
difficult to interpret because of post-mineralisatiOn faulting. 
The majority (possibly all) of the massive sulphide ores formed on 
top of the L.P.L. in depressions on the sea floor, with the 
enclosing and underlying stockvrork zones within the L.P.L.; debates 
on the stratigraphic positions of the orebodies have been given by 
a number of authors (see Constantinou and Govett, 1973). 
In this study five L.P.L. stockrork zones with associated 
massive suiphide ores were examined at the Kokkinoyia, Limni, 
Ilathiati, Mousoulos and Skouriotissa mine3; detailed maps of these 
orebodies are given elsewhere (Constantinou, 1972; Searle, 1972; 
Constantinou and Govett, 1973; Adamides, 1975). Stockwork-like 
zones also occui in deeper units of the Troodos crust. An upper 
S.I.C. stockwork zone (samples 12/— ) was examined; the samples 







Diagrarnatic cross-section of a Troodos orebody. 
Showing the massive ore (upper, conglorneratic, and lower, 
coqipact,ores) with overlying ochre sediments, and the underlying 
stockwork zone within the Lower Pillow Lavas. See text. 
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'prospectt in which there was no sign of a massive suiphide orebody. 
The locations of these mines and the prospect are shown on Fig. 4-1. 
6.2 Massive Ore 
Texturally, three types of pyrite have been recognised 
in the massive suiphide ores (Constantinu and Govett, 1973). 
'Pyrite I' is euhedral, commonly zoned, contains chalcopyrite and 
sphalerite interstitially, and along fractures, growth zones and as 
inclusions; it is abundant in the 'compact' ore in the lower parts 
of the massive ore (Fig. 6-1), and in the stockwork veins. In the 
upper parts of the massive ore later formed 'pyrite II' and 'Ill' 
becomes abundant, and the ore becomes 'conglomeratic' (Fig. 6-1) 
with blocks of porous colloform-textured suiphide occurring in a 
friable sulphide matrix; chalcopyrite and sphalerite are commoner 
in the conglomeratic ore, where a variety of other minerals, 
including pyrrhotite and marcasite, have been reported (Constantinou 
and Govett, 1973). The pyrite I assemblage is considered to 
represent the primary ore, with the mineral assemblages and metal 
enrichment in the upper conglomeratic ore forming as a result of 
secondary alteration and supergene enrichment in the submarine 
environment; the 'ochre' sediments (Section 2.4) forming during 
this supergene alteration under oxidising conditions at the massive 
ore-seawater interface (Constantinou and Govett, 1972, 1973). 
In some orebodies a narrow zone of quartz + suiphide 
occurs at the very base of the massive ore. This has been termed 




Stockwork zones consist of hydrothermally altered basalt 
(chlorite + quartz + pyrite + minor illite), with a ramifying 
network of veins of quartz + pyrite + some chalcopyrite + rarer 
sphalerite. Texturally and mineralogically, the vein suiphide 
assemblage is considered to be equivalent to the primary pyrite I 
assemblage of the massive ore (Constantinou and Govett, 1973). Vein 
quartz may be coarsely crystalline to chalcedonic, with different 
varieties existing in the same vein; this, together with vein cross-
cutting relationships and quartz growth-zoning suggests that there 
are several generations of vein quartz. Constantinou and Govett 
(1973) have suggested that vein quartz commonly formed later than, 
and in some cases replaced, earlier formed vein sulphide. The 
altered basalt of the stockworks is essentially composed of quartz 
(commonly pseudomorphing original plagioclase laths) intimately 
mixed with irregular chlorite plates; individual quartz or chlorite 
crystals are optically homogeneous. Minor illite is present in some 
stockwork samples (Constantinou, 1972; Constantinou and Govett, 
1973), but was not detected in samples isotopically analysed in this 
study. Pyrite occurs as fine-grained disseminations. Chalcopyrite 
and sphalerite are absent from the altered basalts (but present in 
the veins). 
Epidote has not previously been considered as a stockwork 
mineral (although Constantinou, 1972, notes its presence at the very 
bottom of the Kokkinopezoula pit). It is present in a number of 
deep borehole samples in stock•rork at Skouriotissa (samples 74/1425, 
74/1475, 65/10301 65/1397); reconstruction of the probable original 
positions!... 
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positions of these samples (data of Cyprus Nines Corporation) suggests 
that they were in stockwork more than about 300 m. below the massive 
ore. Epidote also occurs in the upper S.I.C. prospect borehole 
stockwork (samples 12/160, 12/624, 12/665). In these samples 
epidote is commonly present in vesicles with quartz, either mineral 
may contain jasper-like red stains or flakes; nyrite occurs with 
quartz, but not epidote, in vesicles. Epidote may also occur in 
the quartz-chlorite groundmass of these samples, sometimes pseudo- 
morphing plagioclase. Disseminated pyrite may occur in the groundmass 
but it is rarer than in the higher level stockwork samples. 
Constantinou and Covett (1973) mention the occurrence of 
jasper in the uppermost parts of the stockworks (and Zone B). Jasper 
veins and pods, always sulphide-free, were observed in a number of 
samples (e.g. Ko 2, Li 3, Nat 7, 12/330). It is suggested that the 
jasper owes its colour to minute haematite inclusions, although this 
has not been demonstrated. Although in one sample (Mat 7) jasper 
veins are cut by quartz-pyrite veins, much of the jasper, like 
stockwork vein quartz, may be a late-stage mineral. Haematite has 
been observed in fluid inclusions of a stockwork sample from 
Skouriotissa (unpublished data with B. Poty and S. Sheppard). 
HYDROGEN AND OXYGEN ISOTOPE GEOCHEPflSTRY 
6.4 Stockwork 'Whole Rock' Samples 
The hydrogen and oxygen isotope compositions of stockwork 
'whole rock' samples (altered basalt less veins) are shown in Fig. 6-2. 
The samples are from Mousoulos and Mathiati, inferred to be 
approximately!... 
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approximately 25 to 20 metres below the base of the massive ore, 
from Limni (depth below massive ore not known) and from the upper 
S.I.C. prospect stockwork (which has no overlying massive ore). The 
'whole rock' SD values are quite uniform, reflecting the chlorite 
SD values, whilst the wide range of S 
18
0 values reflects in part the 
variations in the quartz and chlorite contents of the samples (see 
below). 
In order to apply oxygen isotope fractionations to the 
'whole rock' data the amount of quartz and chlorite in each sample 
was calculated. The four samples in Fig. 6-2 are, in order of 
increasing is 0 content: 12/624, fis 31, Li 3 and flat 7. A1 2 03 
contents of these 'whole rock' samples were: 13.8, 12.4, 8.4 and 
11.3 per cent respectively (analyses by H.J. Saunders). Chlorite 
from three of these samples was analysed by electron microprobe 
(Table A-6), and an average value used for the fourth sample. Since 
quartz and chlorite are the only minerals in the 'whole rock' samples 
their weight ratios in the samples can be calculated by comparing the 
A1 2 03 contents of the 'whole rocks' and chlorites. This yields for 
the four samples above, chlorite/quartz ratios of: 67/33, 60/40, 
41/59 and 55/45, respectively, which is in reasonable agreement with 
estimates based on thin-section modal analysis and sample H 2 
 0 + 
contents. 'Whole rock'-H20 oxygen isotope fractionations were 
calculated using quartz-1120 and chlorite-H 20 curves in Fig. 3-3a, 
and the quartz/chlorite ratios corrected for the relative amount of 
oxygen in quartz and chlorite. Chlorite-H20 hydrogen isotope 
fractionations are from Fig. 3-4. 
The calculated hydrogen and oxygen isotope compositions 
of!... 
Fig. 6-2 
Calculated hydrogen and oxygen isotope compositions 
of waters in equilibrium with Troodos stockwork 'whole rock' 
samples (= 'groundmass' quartz + chlorite), 'groundmass' quartz 
and vein quartz at 180-500C. S.I., M.W., primary magrnatic water, 
and exchanged S.F. as for Fig. 5-1. 
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of the 'whole rock' waters are shown in Fig. 6-2, for 250 to 500C. 
Also shown are the oxygen isotope compositions of 'groundmass' quartz 
(representing quartz from the altered stockwork basalt, as opposed 
to vein quartz), separated from the same four 'whole rock' samples 
and one other altered stockwork basalt (separation methods in 
Appendix 3); these quartz samples are compared to the isotopic 
composition of quartz in equilibrium with seawater as a function of 
temperature. Both the 'groundmass' quartz and the 'whole rock' data 
set minimum limits of about 300C for their formation. Fluid 
inclusion homogenisation temneratures for a 485 m. depth stockwork 
borehole sample from 31-ouriotissa ringe 340-400C (unpublished data 
with B. Poty and S. Shenpard), they are consistent with the minimum 
isotopic temperatures of 300C, which are based on higher level 
stockwork samples. Temperatures in the stockwork zones must 
therefore have been considerably higher than those in the 
surrounding, predominantly zeolite facies, pillow lava country rock. 
At temperatures between 300 and about 400C the hydrogen isotope 
data indicate a seawater souce for the stockwork fluids (Fig. 6-2). 
At these temperatures the 180/160 ratios of the fluids are also 
similar to seawater values, suggesting that the oxygen isotope 
compositions of the 'whole rock' assemblages were largely controlled 
by the seawater reservoir (together with their temperature of 
formation). Only at temperatures of about 500C or more is it 
necessary to infer significant contributions of magmatic waters, 
such high temperatures are considered to be unrealistic. 
6.5 Stockwork Vein Quartz 
Stockwork vein quartz from upper parts of the Mousoulos 
and!... 
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and Mathiati stockworks (about 5 to 10 metres below the massive ore), 
from the Litnni stockwork and from the upper S.I.C. stockwork (about 
100 m. above the upper S.I.C. stockwork 'whole rock' sample) has 
180 = 10.5 to 14.17L, which is significantly higher than groundmass 
quartz (Fig. 6-2). If it is assumed that the vein quartz formed from 
isotopically unmodified seawater (on the basis of the calculated 
'whole rock' waters and the fact that large water/rock ratios may 
be expected in the open stockwork veins), then formation temperatures 
of about 180' to 220C are indicated. Such temperatures are lower 
than the minimum groundmass quartz temperatures of''3OO'C. 
There are several possible explanations for the 	- 
temperature differences between vein and groundmass quartz. It could 
be a result of the fact that, where depth estimates can be made, 
groundmass quartz was from deeper stockwork samples. If this 
sample depth effect is the explanation then, from the Mousoulos and 
I'Iathiati samples, thermal gradients of as much as lOC/rnetre would 
be implied. More substantial retrograde isotopic exchange of vein 
quartz relative to groundmass quartz is possible, although quartz is 
notoriously one of the most resistant minerals to exchange once 
formed (Clayton et al., 1968). The most likely explanation is 
considered to be one in which vein quartz formed later, and at lower 
temperatures, than groundmass quartz. 
It has been suggested (Constantinou and Govett, 1973; 
Section6.3) that vein quartz formed after vein sulphide. The 
stockwork veins contain a considerable amount of introduced silica, 
and pyrite with some chalcopyrite and sphalerite. In contrast, the 
altered basalts contain no chalcopyrite or sphalerite and there is 
no!... 
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no evidence for the introduction of significant amounts of silica 
(see Section 9.4). This, together with the very sharp contacts between 
the veins and the altered basalts, suggests that the physical and/or 
chemical conditions during formation of the altered basalt assemblage 
were different to those during precipitation of the vein minerals. 
6.6 Summary 
The data above suggest that alteration of the stockwork 
basalts occurred when sulphur bearing fluids of seawater origin at 
temperatures >300C passed through the stockwork fractures 
(temperatures in the fractures must have been equal to, or higher 
than, temperatures in the rock). In so far as present sampling is 
adequate the data suggest that vein quartz did not form from these 
high temperature fluids. Later, possibly during waning stages, vein 
quartz was precipitated when the fluids became saturated in silica at 
lower temperatures (180-220C). The pyrite_chalcopyrite-sphalerite 
vein assemblages formed at some time before vein quartz; if they 
formed from the high temperature (> 3000 fluids, then conditions 
were such that chalcopyrite and sphalerite only formed on the fracture 
walls and not in the rock between the fractures. 
SULPHUR ISOTOPE GEOCHEMISTRY 
67 Pyrite 34S/323 Ratios 
The sulphur isotope compositions .f or Troodos orebody 
pyrites reported by a number of workers (Johnson, 1970; 1972; 
Clark, 1971; Hutchinson and Searle, 1971) are summarised here and 
liaits/. 
Fig. 6 
Summary of sulphur isotope data for pyrite from 7 
Troodos orebodies. Open circles show average and number of samples 
with range, for data of Johnson (1970) and Hutchinson and Searle 
(1971) - analyses from University of Utah. Diamonds show data of 
Clarke (1971) - analyses from University of Chicago. Primary 
basaltic sulphur from Schneider (1970). Cretaceous seawater sulphate 
from Thode and Monster (1965), Holser and Kaplan (1966) and Nielsen 
(1968). 
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limits on the source of the sulphur are placed in light of the 
chemical, mineralogical and other isotopic data. The sulphur 
is'otopic data are not considered in detail because, among other things, 
there are possibly some small interlaboratory differences among data 
on samples which are probably equivalent (Fig. 6-3). The 
ratios of pyrites have been reported from Troodos stockwork 
disserninations (4- 4.1 to + 7.37..; nine analyses; average + 5.1°!..), 
veins (+ 2.0 to + 6.5 °!..; twelve analyses; average + 4.87.), the 
massive suiDhide ores (+ 2.8 to + 7.57—; twenty-two analyses; 
average + 4.37-.) and from the 'ochre' sediments which overlie some of 
the massive sulphide deposits (+ 1.9 to + 5.07..; two samples; 
average + 3.4°!..), (Johnson, 1970; 1972; Clark, 1971; Hutchinson 
and Searle, 1971). The data are summarised in Fig. 6-3. Although 
there are slight variations between individual deposits, at a single 
mine the sulphur isotopic compositions of pyrite from the different 
paragenetic types - stockrork disseminations, veins, massive sulphide 
ore - are quite similar. Detailed arguments have not been presented, 
but the source of the sulphur has been interpreted as magmatic 
(Hutchinson and Searle, 1971; Johnson, 1972) and Cretaceous seawater 
(Clark, 1971). However, to interpret the sulphur isotope ratios 
knowledge of the temperature, pH and f0 2 are required (Sakai, 1968; 
Ohmoto, 1972) before limits can be placed on the nature of the 
dominant sulphur species in solution and its isotopic composition. 
In the discussion it is assumed that pyrite precipitated in 
equilibrium with the hydrothermal fluid (although this is not always 
so; Rye and Ohmoto, 1974). 
6.8/... 
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6.8 Physicochemical Conditions 
Much of the massive ore shows signs of secondary alteration 
(Section 6.2). The geochemistry of the stockwork zones is therefore 
considered in this sulphur isotope data analysis, because in these 
zones the primary assemblages, in general, show very little evidence 
for secondary alteration. On the basis of te hydrogen and oxygen 
isotope data above, temperatures of about 250C are considered for the 
stockwork vein suiphide assemblages (intermediate between suggested 
basalt alteration and vein quartz formation temperatures). The use 
of higher (350C) or lower (250C) tenperatures would make little 
difference to the general conclusions. 
The chlorite alteration of the stockworks suggests, by 
analogy with modern geothermal systems, near neutral solutions or pH 
at least within the range 4 to 7 at 200C to 300C(Helgeson, 1967; 
Steiner, 1968; Browne and Ellis, 1970; Tomasson and Kristmannsdottir, 
1972). In qualitative terms the stockwork chiorites (Fig. A6-1) are 
not likely to have formed in very strongly reducing environments 
(Heliner et al., 1965). Calcium phases are absent from the upper 
stockworks, where there is a significant depletion in whole rock Ca 
content (Section 9.4). Epidote is present in the lower parts of the 
Skourjotissa stockork and in th S.I.C. prospect stockwork, and whilst 
it is not possible to define f02 on epidote composition alone 
(Holdaway, 1972; Liou, 1973), their high pistacite contents 
(stockwork epidotes, 22 to 291/'v' pistacite) are favoured by high, rather 
than low f02 . In these epidote bearing stockwork samples the epidote 
is particularly common in vesicles with quartz where the minerals 
contain jasper-like red stains or flakes; this, together with the 
absence!... 
Fig. 6-4 
pH-f0 2 stability at 250C for minerals in the system 
Fe-Cu-S-O, together with barite and calcite. 
S = 10 2 molal 
= io 
Ba304 for XBa = io',Is = 10_2  molal. CaCO 3 forC = 10 molal. 
From figures in Ohmoto (1972), Robinson and Ohmoto (1973), Rye and 
Ohmoto (1974). The shaded area indicates suggested Troodos 
stockwork. 
Fig. 6-5 
Sulphur isotope compositions of pyrito forming in 
equilibrium with fluid at 250C as a function of pH and f0 2 . 
x (Y) pyrite &34S  values in per mu; 
	Oy X = pyrite forming in equilibrium with fluid with 43 = 
Y = pyrite forming in equilibrium with fluid with 34S = 18, 
from data in Ohinoto (1972). Light shaded field represents Troodos 
stockwork fluid compositions (Fig. 6-4). Diagonal shaded and dark 
shaded field represent pH-f0 2 conditions for formation of Troodos 
stockwork pyrites, with g34S = + 2 to + 	from fluids with 3
4S = 
:O,,and 18 Z, respectively. 
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absence of pyrite from epidote vesicles (Section 6.3), tends to 
favour high f02 conditions for vesicle epidote formation. Calcite is 
absent from stockwork samples, even in those where epidote is present; 
this may be a result of a number of factors, such as low CO 2 
concentration (e.g. Browne and Ellis, 1970), or pH lower than the 
calcite stability field (Fig. 6-4). 
In the system Cu-Pe--0 (for the stockworks) nyrite and 
chalcopyrite were stable, ciagnetite unstable (since it is present in 
uninineralised lavas, but absent from stockworks), and pyrrhotite and 
borrtite do not form as primary minerals. The fluid f0 2 was therefore 
within the pyrite + chalcopyrite stability field shown in Fig. 6-4. 
IIore precise limits on fluid f0 2 do not appear possible at present. 
However, the occurrence of jasper, and of haematite in a stockwork 
fluid inclusion (if hydrogen leakage from the inclusion was not 
important) sugge3ts that f 02  was high during the late-stage history 
of the stockworks. 
The suggested pH-f0 2 limits for the stockwork fluids at 
250c are shown in Fig. 6-4,  with stability fields for minerals in 
the Fe-Cu-S-0 system together with calcite and barite. pH values 
between 4 and 7 are consistent with hydrothermal seawater-basalt 
experiments (Bischoff and Dickson, 1975; Hajash, 1975). Total S 
concentrations of 10_ 2  molal. may be expected for normal seawater; 
values may have been higher (10_1)  if sulphur was leached from the 
underlying rocks, or lower (10 3 ) if sulphur was lost from seawater 
as a result, for example, of anhydrite precipitation (see Section 6.9). 
Total Ba and C concentrations in Fig. 6-4 are chosen to correspond to 
the approximate normal seawater concentrations. 
6.9/... 
-67- 
6.9 Source of Orebody Sulphur 
In Fig. 6-5 the SMS  values of pyrite forming from a 
•, 	 -I fluid having a total sulphur 34  S value of 0/. and + 18/.. are shown, 
as a function of fluid pH and f02 at 250'C (see Ohnioto, 1972). The 
inferred pH and f0 2 of the stockwork fluids are also shown (from 
Fig. 6-4). 
Igneous Sulphur Source 
Troodos orebody pyrites from the stockworks and lower 
compact' massive ore I I ]. prrnary pyrite) have S 34S values between about 
+ 2 and + 77... The data in Fig. 6-5 indicate that pyrites with these 
compositions could only form from fluids with total sulphur & 
3/1 
 
values close to 07 at log f02 less than - 38 and pH greater than 7 
(at 250'C). Such pH and f02 conditions are outside the indicated 
field for the stockrork fluid chemistry. 
Fluids deriving sulphur from a magmatic source (34 -'o7.) 
or from leaching of basalts ( 34s-+ 17-, Schneider, 1970) may be 
expected to have total sulphur S 34  S values close to 07... Therefore, 
unless some fractionation mechanism increases the 34r/32 ratio in the 
fluid, an 'igneous' sulphur source cannot be the only source of 
sulphur inthe stockwork fluids. 
Cretaceous Seawater Source 
Upper Cretaceous'seawater sulphate has a sulphur isotope 
composition in the range + 15 to + 207.. (Thode and Monster, 1965; 
Holser and Kaplan, 1966; Nielsen,  1968), a value of + 187.. is used 
in Fig. 6-5. If the stockwork fluid f0 2 was relatively high, as is 
favoured by some of the mineralogic data above, seawater could have 
been the main sulphur source. Thus, in the dark-shaded field in 
Fig.!... 
.; 
Fig. 6-5 the stockwork pyrites would have precipitated from a fluid 
having a S 34  S value close to + 18L, the value for Cretaceous seawater. 
In this high-f02 part of the pyrite stability field S0 
and H2S are both important sulphur species in the fluid; the S0/Ii2S 
ratio is close to unity in the dark-shaded field in Fig. 6-5 (Ohmoto, 
1972). However, the S0/H 2S ratio in this part of the pH-f0 2 field 
is very sensitive to change in pH and/or 102,  and in turn the 
values of precipitated pyrite are very sensitive to changes in pH 
and/or f02 . The stockwork pyrites have a quite restricted range of 
values ("4%), which suggests that if they did form from fluids 
having a Cretaceous seawater sulphur source (with 4S + 187) then 
the fluid S0/H2S ratio must have remained fairly constant, either 
because pH and f02 was constant, or because pH and f02 varied together 
without changing the S0/H2S ratio by moving with one degree of 
freedom parallel to the magnetite-pyrite boundary in Fig. 6-5. 
Ilaintenance of a reasonably constant fluid composition is quite 
plausible in geothermal systems, where water/rock ratios are large 
and the buffering capacity of the fluid is considerable; large 
water/rock ratios for the stockworks are demonstrated by the oxygen 
isotope data (Chapter 8). Alternatively, the magnetite-pyrite 
transformation could have acted as a buffer for constant S0/H 2S, at 
least during the initial stages of stock?rork alteration or at the 
outer limits of stockwork alteration. 
For pyrite to be stable in the dark-shaded field in 
Fig. 6-5, the total sulphur concentration in the fluid would have to be 
molal. Therefore, if Cretaceous seawater had a sulphur 
concentration of "0.02 molal. (i.e. similar to present day seawater), 
the/... 
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the seawater hydrothermal fluid could have lost up to 95 of its 
initial sulphur during its passage through the Troodos crust. Because 
anhydrite solubility decreases with increasing temperature (Holland, 
1967), a large amount of sulphur may be lost from seawater on heating 
(Tomasson and Kristmannsdottir, 1972; Bischoff and Dickson, 1975). 
c) Ilixed Ineous-Se;nrater Source 
The observed sulphur isotope ratios could also be 
obtained from a mixed igneous (magmatic and/or leaching of basaltic 
rocks)-seawater source for the sulphur, with fluids in the range 
4 
S —5 to18%, Fig. 6-5.  The lower the value for f 0 2 
 during pyrite 
precipitation, the greater the inferred igneous sulphur contribution. 
The 34s/ 323 ratios of pyrite precipitated at low f0 2 in the stockwork 
fluid field in Fig. 6-5,  where H 2 
 S is by far the dominant fluid 
sulphur species (Ohmoto, 1972), are relatively insensitive to slight 
changes in pH and f0 2 . However, the very similar S 34  S values for 
pyrites from different Troodos orehodies would require virtually 
identical seawater sulphur-igneous sulphur mixing ratios for the 
stockwork fluids of the different orebodies. 
Ilassive Sulphide Ore 
Since the stockwork zones represent the channeiways for 
the ascending hydrothermal fluids (Chapter ii) the source of sulphur 
in the primary sulphide of the massive ore may be expected to be 
largely the same as the source of sulphur in the stockworks. 
Constantinou and Govett (1972, 1973) have suggested that 
the upper parts of the massive orebodies, which have secondary 
mineralogies and textural features, were strongly affected by 
submarine supergene alteration (Section 6.2). Three maifl mechanisms 
may be I... 
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may be considered for the formation of the texturally secondary 
pyrite II and III in the massive ore: (i) it is of true secondary 
origin, precipitating in (isotopic) equilibrium with the supergene 
fluids; (2) it is of secondary origin, but did not precipitate in 
isotopic equilibrium with the sunergene fluids; or (3) it is 
relict pyrite remaining after partial dissolution of the primary 
pyrite I. The mechanism chosen must explain the fact that pyrite in 
the ochres (+ 1.9 and + 5.0%.) and upper 'colloform' massive ore 
(+ 3.9 to + 5.37,, ), which is very largely 'secondary', has very 
similar S 34S values to the 'primary' pyrite in the lower 'compact' 
massive ore (+ 3.0 to + 3.97o) and stockworks (+ 4.9 to + 6.57..) 
(data of Hutchinson and Searle, 1971). 
(i) During much of the supergene leaching process oxidising 
acidic solutions were probably involved (Constantinou and Govett, 
1972); however, if under some conditions secondary pyrite did form 
and particularly if pyrrhotite formed (Section 6.2) localised more 
reducing conditions must have prevailed. Under such variable 
conditions equilibrium fluid-pyrite sulphur isotope fractionations 
may be expected to have been extremely variable and sometimes large 
(e.g. "- + 707—, - 10., for fluids with S0 or H 2 
 S_ as dominant 
sulphur species respectively in fluid at 25C; Fig. 1 in Ohmoto, 
1972). If primary pyrite solution and secondary pyrite 
precipitation occurred with isotopic equilibrium much more variable 
pyrite 9 34  S values than are observed would be expected. 
If there was no net gain or loss of sulphur from the 
orebody during supergene alteration, secondary precipitated pyrite 
34s values similar to those of primary pyrite could be produced 
because!... 
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because the massive ore represents a very large sulphur reservoir 
(r.'40 s) compared to the small amount of sulphur in seawater 
(o.oa%). Mass balance calculations predict that even for the 
largest fluid-pyrite fractionations (''+ 707o.), seawater fluid/ 
yrite ore ratios could be as high as 20 (by weight) before 
producing secondary pyrite SMS  values more than 2%- different to 
primary pyrite values, if there was no net change in the sulphur 
content of the orebody. However, the very high porosity of the upper 
parts of the massive ores suggests that a considerable amount of 
sulphur was lost from the orebody during supergene alteration. For 
this reason mechanism (i) is considered to have been relatively 
unimportant. 
The 'secondary' pyrite may have precipitated from solution 
without sulphur isotope equilibrium, as may happen at low temperatures 
or during very rapid precipitation (Ohmoto, 1972; Rye and Ohmoto, 
1974). Such non-equilibrium formation, however, need not lead to 
'secondary' pyrite S 34S values similar to primary pyrite values. 
The most plausible mechanism to explain the similarity 
between the S34S values of texturally 'secondary' colloform pyrite 
and the primary pyrite is one in which the former simply represents 
relict pyrite (with the original 8345 values) remaining after partial 
dissolution of the latter. Constantinou and Govett (1973) have 
suggested that the 'colloform' nature of the pyrite in the upper 
parts of the massive ores is merely a textural feature produced by 
variations in porosity. 
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PHYSICAL C OUSTRU NTS ON OREBODY FORMATI ON 
6.10 Boiling as a Function of Ocean Depth 
If the pillow lavas at the sea floor had temperatures 
close to 0C and the regional geothermal gradient during metamorphism 
of the Troodos igneous crust was on the order of 130C/In., boiling of 
seawater would not occur, at least throughout the greater part of the 
crust (Fig. 2-5). The stockvrork zones, however, represent thermal 
anomalies where temperatures may have been higher than 300C within 
a few tens of metres below the sea floor; since lithostatic pressure 
at these depths is negligible, the possibility of boiling occurring 
in the stockwork fluids will be essentially determined by the depth 
of the ocean above the orebodies. Table 6-1 shows the approximate 
minimum oceanic depths necessary to suppress boiling of water as a 
function of its temperature and salinity. For stockwork fluids at 
300C with salinities of 0 to 25%, ocean depths would have to be 
1100 to 700 metres respectively for boiling not to occur (170 to 
110 metres for 200C fluids). 
At present there are no reliable criteria for determining 
the oceanic depths during the formation of the Troodos orebodies. 
Whilst Moore (1965) has demonstrated pillow lava vesicle size 
correlations with extrusion depths for submarine basalts off Hawaii, 
such a correlation need not exist in other areas (e.g. mid-Atlantic 
Ridge basalts of Aumento, 1971). Vesicle diameters in Troodos L.P.L. 
samples are highly variable (up to 1-2 cm.), although round vesicles 
in the groundniass of the pillow lavas tend to have diameters 
consistently in the range 0.2 to 0.5 mm. (measurements on eight 
L.P.L./... 
E20 Salinity Pressure Oceanic Depth Boiling Pt. 
(bars) (metres) (Tc) 
1 0 100 
4.6 38 150 
15 153 200 
39 428 250 
83 995 300 
0.9 (-0.7) 100 
4.4 35 150 
14 141 200 
37 393 250 
80 907 300 
Table 6-1 
Minimum pressure, and therefore approximate equivalent 
minimum oceanic depths, necessary to suppress boiling of water of 
5-10 salinity. From data in Haas (1971). 
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L.P.L. samples), which would suggest oceanic depths on the order of 
1 km. jNoore's (1965) correlation was applicable. 
Robertson and Hudson (1974) have suggested that umbers 
and cherts directly overlying the U.P.L. may have precipitated below 
the 'carbonate compensation depth', and whilst it is difficult to set 
limits on the C.C.D. for the Cretaceous Tethyan ocean, data for other 
oceans favour carbonate compensation depths generally greater than 
2-3 km. (Berger and von Rad, 1972; van Andel and Moore, 1974). 
However, it is possible that the umbers and cherts, which are younger 
than the suiphide orebodies, formed at greater depths than the 
orebodies (e.g. on the flanks of the oceanic ridge at which the 
* 
Troodos L.P.L. formed; Robertson, personal communication, 1975). 
Because solubilities of solids in steam are significantly 
lower than in coexisting water (e.g. Ellis, 1967) boiling of the 
stockwork fluids, if it occurred, would tend to immediately deposit 
very large amounts of ore minerals. The growth-zoning of sulphides 
and quartz in the stockwork veins suggests precipitation from fluid3 
close to saturation, rather than precipitation from suddenly 
oversaturated steam. 
At present there is no conclusive evidence to indicate 
that the depth of the ocen above the Troodos igneous crust at the 
time of its formation was significantly less than ocean depths above 
present-day ridges (regularly 2 to 4 km.). 
* 
Robertson (personal communication, 1976) also emphasises that data 
for the sediments overlying the U.P.L. suggest that the Troodos 
complex may have formed close to a continental margin. In such an 
environment the C.C.D. could be quite shallow. 
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6.11 Density 
The stockwork zones represent thermal anomalies where 
upward moving ore-forming fluids discharged towards the seafloor. 
The fluids in the stockworks must therefore have been generally 
less dense than the cool fluids in the surrounding pillow lavas. 
Assuming that the primary suiphide assemblages in the stockworks 
formed at about 250C then, since pure water at this temperature 
has a density of 0.825 gms./cc. (data of Burnharn et al., 1969, at 
300 bars), for the stockwork fluid3 to be less dense than 1.035 gms./ 
cc. (approximate density of seawater) the maximum amount of dissolved 
solids in the stockwork fluids may be about 0.2 gms./cc., i.e. 
The formation of the masaive orebodies in depressions on 
the seafloor, directly above the stockwork zones, suggests that the 
suiphides of the massive ore precipitated from stable pools which 
were denser than the overlying seawater and in which redox 
conditions were lower than in the overlying seawater. The change of 
density in the ore-forming fluids from (1.035 to >1.035 gms./cc., 
unless the unlikely result of an increase in the amount of dissolved 
solids, must have resulted from a sudden drop in temperature. Such 
a temperature drop will be an important factor in ore deposition, 
and may be expected if the fluid pool looses heat rapidly by 
convection!... 
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convection at its contact with the overlying cold seawater. In 
general terms the salinity and thermal histories of the Troodos 
massive ore fluids may have corresponded closely to those of the 
present day Red Sea brine pools, where heat is lost from the upper 
surface of the brine pools apparently without significant mixing of 
the brines with the overlying seawater (Brewer et al., 1969; Turner, 
1969). 
CHAPTER 7 
U14BERS AND OCHRES 
7.1 Introduction 
The Troodos umbers are dominantly manganese-rich 
ferruginous oxyhydroxide sediments related to the last stages of 
U.P.L. volcanism, whilst the ochres are relatively Mn-poor 
ferruginous oxyhydroxide sediments spatially and genetically 
associated with the L.P.L. massive suiphide orebodies (Constantinou 
and Govett, 1972; Robertson, 1976). The oxyhydroxide component of 
these sediments is largely amorphous, or occasionally poorly 
crystalline goethite. The ochres also contain disseminated pyrite 
and the umbers may contain sraectite, sometimes forming clay-rich 
bands (Constantinou and Govett, 1972; Elderfield et al., 1972; 
Robertson, 1976). Whilst the umbers and ochres are distinct temporally 
and in theIr geological associations, they are chemically 
intergrádational. The ochres are believed to have formed through 
submarine seawater-oxidative alteration of massive suiphide ore. 
The umbers formed largely as precipitates when hydrothermal solutions 




Because of their broad similaritie3 in chemistry and 
mineralogy, the wnbers and ochres are discussed together in this 
chapter. Hydrogen and oxygen isotope analyses were made on four 
umbers and an ochre from Skouriotissa, two umbers from Drafia and an 
ochre from 1athiati. The samples, together with mineralogic and 
chemical data, were provided by Dr. A.H.F. Robertson. The data are 
summarised in Figs. 7-1 and 7-2, and. Tables A-i and A-2. 
7.2 Fe, Fe-Mn Oxyhydroxide-Rich Ochres and rJmbers 
a) Exchanre Experiments 
Hydrogen isotope exchange experiments were performed on 
oxyhydroxide-rich umber and ochre samples (AR 709, AR 303), details 
are given in Appendix 5. The samples showed 23% and 3 exchange 
respectively after 100 days exchange at room temperature. Savin and 
Epstein (1970b) emphasised the possible difficulties in isotopic 
analysis of manganese nodules (which are mineralogicaily comparable 
with umbers) resulting from the presence of molecular water. The 
exchange experiments (Appendix 5) also suggest that there may be 
difficulty in distinguishing structural and non-structural water in 
umbers and ochres. .'Jhiist oxygen isotope exchange experiments have 
not been carried out on umber and ochre samples, exchange experiments 
on clay minerals (e.g. O'Neil and Kharaka, 1976) indicate that 
oxygen!... 
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oxygen isotope exchange rates are very much lower than those for 
hydrogen under the conditions of the experiments. 
b) 180/160 Ratios 
The ferruginous/ferrornanganiferous ochre/umber oxygen 
isotope data are discussed in the mariner suggested by Savin and 
Epstein (1970b) and Dymond et al. (1973) for oceanic rnetalliferous 
sediments. The oxygen isotope data and the weight per cent Fe + 
Mn in the samples (a reflection of the mineralogy) is discussed in 
terms of three main components (Fig. 7-1): (1) 'authigenic' 
ferromanganiferous oxyhydroxide - the isotopic and chemical 
characteristics of which should be similar to manganese nodules 
which are largely composed of ferromanganiferous oxyhydroxide 
material formed in equilibriu.m with seawater at seafloor temperatures; 
(2) authigenic silicates such as montmorillonite and phillipsite; 
and (3) detrital clays. 
Two umber samples (AR 331, AR 703) and one ochre sample 
(AR 314), composed largely of Fe-Mn oxyhydroxide (Robertson, pers. 
comm.), are chemically and isotopically similar to manganese nodules, 
and fall close to the field for 12 analysed manganese nodules in 
Fig. 7-1. One ochre (AR 303) and two umber samples (AR 334, AR 709) 
have relatively high iron + manganese concentrations ("-40 Fe+Mn) 
and also have lower S180 values compared to manganese nodules and 
other/... 
Fig. 7-1 
Plot of oxygen isotope composition against chemistry 
(wt. % Fe + 14n) of Troodos urnbers (ferrornanganiferous oxyhydroxide-
rich and clay-rich samples) and ochres (ferruginous oxyhydroxide-
rich samples), compared with data for oceanic manganese nodules 
(field for 10 samples from Savin and Epstein, 1970b; Dymond et 
al., 1973), oceanic metalliferous sediments (field for 9 samples 
from Dymond et al., 1973), clay-rich South Pacific sediments from 
close to the East Pacific Rise (Savin and Epstein, 1970b); 
detrital clays, and authigenic rnontmorillonite (mont.) and phillipsite 
(phillips.) (Savin and Epstein, 1970a, b). The broad band enclosed 
by the two broken lines is an extrapolation from the composition of 
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other umber and ochre samples in Fig. 7-1. A pure ferromanganiferous 
oxyhydroxide sample would have higher iron and manganese concentrations 
than the manganese nodules in Fig. 7-1. A mixture of pure goethite or 
manganite, for example, would contain close to 6ep Fe+Mn. The 
relatively Fe:,-rIn-rich, 180-toor umber 	and ochre samples lie within 
a band extrapolated from the field for authiçenic silicates through 
the field for manganese nodules in Fig. 7-1. This suggests that the 
180-poor urnbers and ochres may more closely approximate isotopically 
to pure ferromanganiferous oxyhydroxide than other samples in 
Fig. 7-1. O'Neil and Clayton (1964) measured a c180 value of + 5.6 
in iron oxide chiton teeth which grew in a marine environment. The 
manganese nodules and more 180-rich umbers and ochres in Fig. 7-1 
probably contain a proportion of authigenic silicate. The oceanic 
metalliferous sediments in Fig. 7-1 are mixtures of ferromangani-
ferous oxyhydroxide and authigenic silicate, (Dymond et al., 1973) 
and plot in field trending towards the compositions of authigenic 
silicates. 
Manganese nodules and authigenic silicates form in 
equilibrium with seawater at seafloor temperatures. Since the umber 
and ochre samples fall within the band for mixtures of these 
components, the data suggest that they also formed in equilibrium 
with seawater at seafloor temperatures. If the samples had formed 
at/... 
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at temperatures higher than 'normal' seafloor temperatures they may 
be expected to have lower 8180  values and fall to the left of the 
band in Fig. 7-1. 
The formation of ochres in equilibrium with seawater at 
seafloor temperatures is consistent with their suggested mode of 
origin - submarine oxidative alteration of underlying massive 
suiphide ore (Constantinou and Govett, 1972, 1973). Umber deposits 
are believed to have formed where hydrothermal 'springs' discharged 
from the U.P.L. onto the seafloor (Robertson, 1975); the precipitation 
of stable oxidised iron and manganese compounds from these fluids 
suggests that the 'spring' fluids became well mixed with the cold 
oxygenated seawater. Therefore, at least for the umber samples 
analysed - which formed as beds in depressions on the seafloor - 
formation at seafloor temperatures, which is suggested by their 
isotopic data, is consistent with their suggested precipitation 
process. Robertson (1975) has described umbërj 	material occurring 
as veins in the U.P.L. below umber-filled depressions; samples from 
these veins need to be analysed to see whether they record temperatures 
higher than 'normal' seafloor temperatures. 
c) D/H Ratios 
Figure 7-2 shows the hydrogen and oxygen isotopic 
compositions of one ochre and three umber samples. The ochre and 
umber!... 
Fig. 7-2 
Hydrogen and oxygen isotopic compositions of Troodos 
umbers and an ochre (symbols as for Fig. 7-1; E = samples on 
which exchange experiments were performed, see text). They are 
compared with the compositions of a manganese nodule, a South 
Pacific sediment from close to the East Pacific Rise (symbol as 
for Fig. 7-1), clays in oceanic sediments, and authigenic oceanic 
monttnorillonite (Savin and Epstein, 1970b). The gibbsite line and 
the first montmorillonite line (Mont. 1) are from Lawrence and 
Taylor (1971), the second rnontmorillonite line (I1ont. 2) from 
Savin and Epstein (1970a); see text for discussion. M.W. = 
meteoric water line. 
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umber &D values range from - 102 to - 144 	and are significantly 
lighter than the single manganese nodule analysis of Savin and 
Epstein (1970b), SD = - 77% 0 (Fig. 7-2). Hydrogen isotope exchange 
experiments (above) on two of the samples shown in Fig. 7-2 suggest 
that ferrornanganiferous oxyhydroxide-rich umber and ochre samples 
may undergo rapid hydrogen isotope exchange with atmospheric water 
at room temperatures; the low SD values for the umbers and ochres, 
and the wide range of values for the umbers, may be a result of the 
samples having undergone recent hydrogen isotope exchange with 
D-depleted waters (e.g. meteoric or atmospheric waters). 
7.3 Umber Clay Bands 
At the Skouriotissa mine ochre3 are overlain unconformably 
by umbers, the U.P.L. being locally absent; such a situation is 
peculiar to Skouriotissa. In the west pit at Skouriotissa, Robertson 
(1976) describes the upward sequence: ferruginous ochres, ferruginous 
(manganese deficient) umbers with grey-green clay rich sediment bands, 
followed by ferromanganiferous uinbers. The clay rich bands from the 
basal ferruginous umbers are considered to be volcaniclastic sediments 
showing sedimentary structures, and consist mostly of smectite 
(Constantinou and Govett, 1972; Robertson, 1976). Two clay band 
samples were isotopically analysed: one sample (AR 348) was 
predominantly smectite and may be typical of the clay bands. The 
second!... 
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second sample (AR 349), however, contained a large amount of 
palygorskite, possibly formed from smectite during diagenesis 
(Robertson, 1976). 
Exchange Experiments 
During exchange experiments montmorillonite has sho•in 
up to 27% hydrogen exchange with water at 100C, with negligible 
oxygen exchange (O'Neil and Kharaka, 1976). '1hi1st such significant 
hydrogen exchange in montmorillonite can be demonstrated experimentally, 
such results are not easily extrapolated to natural situations. There 
is good isotopic evidence to suggest that montmorillonite often 
preserves its original oxygen and hydrogen isotope compositions 
(Sheppard et al., 1971). 
Smectite-rich Umber 
The isotopic data for the srnectite-rich sample ( ED = 
- 53 L 180 = + 18.3Z0) and the palygorskite-rich sample ( 180 = 
+ 34.6L) are shown in Fig. 7-1 and Fig. 7-2. They are compared to 
chemically similar sediments from the South Pacific, authigenic 
oceanic montmorillonites and phillipsite, and detrital clays. 
The smectite-rich umber clay sample has an oxygen 
isotopic and chemical composition similar to two Fe-Mn-rich South 
Pacific sediments from close to the East Pacific Rise, Fig. 7-1. The 
data in Fig. 7-1 for this umber clay, and the two South Pacific 
sediments!... 
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sediments (Savin and Epstein, 1970b), suggest that they are composed 
largely of detrital clays with a component of authigenic Fe-Mn 
oxyhydroxide; the 180-rich South Pacific sediment in Fig. 7-1 
probably has a large component of authigenic clay (Savin and Epstein, 
1970b). 
In Fig. 7-2 the hydrogen and oxygen isotope composition 
of the smectite-rich umber sample falls close to the field for 'clays 
in oceanic sediments', which also closely represents the approximate 
average isotopic compositions of montmorillonites in oceanic 
sediments (Savin and Epstein, 1970b). Also shown on Fig. 7-2 are 
two montmorillonite 'lines' and a gibbsite 'line'. Gibbsites or 
Al-Si-Fe hydroxides, and montmorillonites from Quaternary soils in 
the United States (i.e. formed subaerially in equilibrium with 
meteoric waters at surface temperatures) have isotopic compositions 
which fall close to the Gibbsite line and the first Nontmorillonite 
line (Mont. 1) in Fig. 7-2, respectively. The isotopic composition 
of the smectite-rich umber lies to the gibbsite side of the first 
montmorillonite line, and is consistent with it being composed largely 
of detrital (subaerially derived) montmorillonite with a component 
having an isotopic composition similar to Al-Si-Fe hydroxides - such 
as Fe-Mn oxyhydroxide. The second montmorillonite line (Mont. 2) in 
Fig. 7-2 is that proposed by Savin and Epstein (1970a) based on the 
isotopic!... 
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isotopic composition of authigenic oceanic montmorillonite; its 
different position compared to the first rnontmorillonite line may be a 
reflection of the fact that the oceanic montmorillonites, on which the 
line is based, probably contain more Fe, and formed at lower 
temperatures, than Quaternary soil montmorillonites (Lawrence and 
Taylor, 1971). 
The isotopic composition of the smectite-rich umber clay 
sample suggests that it did not form as an authigenic mineral in 
equilibrium with seawater at normal seafloor temperatures - it is 
isotopically distinct from authigenic oceanic montmorillonite, 
Fig. 7-2. The data do not rule out, however, the possibility that the 
sample formed in equilibrium with seawater at.v5OC. Sedimentologic 
evidence suggests that the Skouriotissa clay-rich umbers did not form 
in situ (Robertson, 1976) and rare earth element patterns for smectite-
rich umber samples are similar to those of continentally-derived 
samples (Robertson and Fleet, 1976). The isotopic and chemical data 
suggest that the smectite in the umber clay formed in a subaerial 
weathering environment, with the sample also containing a component of 
Fe-Mn oxyhydroxide. 
(c) Palygorskite-rich Umber 
The palygorskite-rich umber clay band, sample AR 349, is 
markedly 180-rich, & 18o = + 34.6 °/,( Fig. 7-1). Palygorskiteis a 
structurally/... 
structurally complex mineral; Grim (1953) suggests that it is made up 
of 'hornblende-like' chains linked by 0 and OH and that it may contain 
'zeolite-like' water. Its isotopic compositions are, therefore, not 
easily interpreted. However, the high 9180 value strongly suggests, 
by analogy with other minerals (e.g. phillipsite, Fig. 7-1), that the 
palygorskite formed as an authigenic mineral in equilibrium with sea-
water at seafloor temperatures. Robertson (1976) suggests that this 
Skouriotissa palygorskite may have formed by diagenetic reaction of 
degraded smectite with seawater (see Berger and von Rad, 1972). 
CHAPTER 8 
FLUID CIRCULATIOII II TROODOS CRUST 
8.1 1ater/Rock Ratios 
It is apparent from Figs. 5-1, 5-2 and 6-2 that, depending 
on temperature, the calculated S 180 values of some of the Troodos 
waters may have been significantly higher than the unmodified sea-
water values. At temperatures of about 300 to 400C the calculated 
oxygen isotope corrt)ositions for the epidote vein assemblages and the 
altered stockwork basalts are indistinguishable from those of the 
isotopically unmodified seawater (Figs. 5-2 and 6-2), but those for 
the non-vein associated greenschist fades rocks (s.i.c. and upper 
gabhros) are 3 to 57.6 enriched in 180 relative to unmodified seawater 
(Figs. 5-1 and 5-2). In contrast the calculated SD values for these 
waters are virtually identical (and indistinguishable from unmodified 
seawater). This is a reflection of the fact that, whilst the D/ll 
ratios for all Troodos hydrous ainerals (chiorites, amphiboles and 
epidotes) have quite restricted ranges of values, the 
18,l6 
 ratios 
of Troodos minerals have wider ranges of values. In particular 
chiorites from the S.I.C. (non-vein) rocks have 8180 values on 
average 37.0 higher than stockwork chlorites (Section 4.6), and 
epidote and amphiboles from non-vein associated assemblages have 
l8o values up to 3 to 47 higher than those from vein associated 
assemblages. These differences between the oxygen isotope compositions 
of a mineral in one environment compared to the same mineral in 
another!... 
-87- 
another environment may be a result of either different formation 
temperatures or different seawater oxygen isotope compositions, in 
different environments. 
If the oxygen isotope compositions of the seawater fluids 
in the Troodos crust were the same in all environments, then the 
differences in mineral S 180 values may reflect differences in the 
mineral formation temperatures. However, this would imply that 
chlorites from the S.I.C. (non-vein) rocks formed at temperatures 
of about 150 to 200C lower than stockwork chlorites, and epidote 
and amphiboles from non-vein associated rocks forming at 100 to 
150C lower than vein associated epidotes and amphiboles. Also, 
whilst the SD values of minerals, compared to their 8 80 values, 
are not as sensitive to temperature differences (at greenschist 
facies temperatures, Fig. 3-4), variations in mineral SD values 
larger and more systematic than those observed might be expected. 
Therefore, although there are no definite geothermometric data to 
rule out these temperature differences, variations in the oxygen 
isotope compositions of the seawater fluids are considered more 
probable. 
In Section 3.5 it has been demonstrated that the oxygen 
isotope compositions of waters may be modified as a result of 
isotopic exchange with rock, and that the degree of the 180 'shift' 
is particularly sensitive to the water/rock ratios. The B 80 values 
of seawater fluids (initial 5180 = - lZ0) which have undergone 
isotopic exchange with oceanic basalt (initial S 80 = + 6L) are 
shown in Fig. 8-1, as a function of water/rock ratios (by weight) 
and exchange temperature. The waters are calculated using Eqn. 1 in 
Section 3.5/... 
Fig. 8-1 
Calculated oxygen isotope compositions of waters from 
S.I.C. and gabbro rocks, vein and vein-halo assemblages, and 
stockwork 'whole rocks'. They are compared to the calculated 
oxygen Isotope composition of seawater (initial & 80 = - 1 z.) 
which has undergone isotopic exchange with basalts (initial S180 = 
+ 6.07..) at temperatures of 200 to 500C and water/rock ratios of 
0.1 to infinity by weight, calculated assuming rock-H 20 
fractionations are equivalent to between plagioclase (An 60)-H20 
and amphibole-H20. See text for discussion. 
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Section 3.5, and parameters in the caption to Fig. 8-1. At 
temperatures higher than about 200'C the oxygen isotope compositions 
of seawaters 'shift' to higher 3180 values; the 'shifts' increase 
with increasing temperature, but particularly with decreasing water! 
rock ratios. The calculated oxygen isotope compositions of the 
Troodos hydrothermal waters for different assemblages (from Figs. 5-1, 
5-2 and 6-2) are also shown on Fig. 8-1 for a range of temueratures. 
For the non-vein associated greenschist faciesS.T.C. 
and gabbro rocks the results of Fig. 8-1 indicate that minimum 
water/rock ratios were about 0.1 (by weight). In contrast, stockwork 
alteration and vein-associated greenschist facies S.I.C. and gabbro 
assemblages formed in the presence of relatively isotopically 
unmodified seawater fluids which were part of a system with high 
water/rock ratios (minimum water/rock ratios between ' -  'l and 5, by 
weight). 
In Fig. 3-2 it is demonstrated that 'shifts' in the 
hydrogen isotope compositions of the seawater fluids will only be 
significant for very low water/rock ratios ('-o.i, by weight). If 
the rocks are hydrated (addition of, for example, 0.5 to 1.5% H2O) 
during the water-rock interaction, the most probable process during 
Troodos metamorphism, the seawater hydrogen isotope compositions will 
become D enriched (Fig. 3-2; cf. non-hydration model). There is no 
evidence for such hydrogen isotope 'shifts' in the Troodos fluids 
(Figs. 5-1, 5-2 and 6-2). 
Using a mass balance equation similar to Eqn. 1 in 
Section 3.5, the theoretical oxygen isotope composition of a basalt 
20-100%1... 
we 
20-10Q altered by seawater at 0-200C in a system of low water/rock 
ratios may be calculated in the manner used in the construction of 
Fig. 5-3 (which is for high water/rock ratios). whilst lack of 
knowledge of the amount by which the Troodos pillow lavas have 
equilibrated with seawater precludes precise limits on water/rock 
ratios, the 180-rich nature of the pillow lavas suggests that water/ 
rock ratios during pillow lava alteration must have been high ( > 1, 
by weight). 
8.2 Fluid Dynamics 
The physical parameters controlling the movement of sea-
water through the Troodos crust are examined. 
a) Permeabilities 
Of all parameters controlling fluid circulation in the 
Troodos crust permeability is likely to have the greatest range and 
control. In the S.I.C. and gabbros cracking will occur when tensile 
stress, resulting from cooling contraction, exceeds overburden 
pressure. Higher permeabilities will result from additional tectonic 
fracturing, and in the pillow lavas and stockwork zone permeabilities 
will be high as a result of the interpillow cavity and fracture 
space. 
Permeability, D, may be calculated from: 
D=d3 ,or: D=J 2 	(Tp - Tw) 3] 
12y 	 12 (Lister, 1974) 
where d = crack width in cm., which may be approximately estimated 
for pillow lavas and stockworks; y = mean crack spacing in cm., 
which11•.. 
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which may be approximately estimated for the pillow lavas and 
stockworks, and for the S.I.C. and gabbros on the basis of seismic 
data (comparing data of Lort and Matthews, 1972, with Poster, 1973); 
= coefficient of linear expansion of rocks (Skinner, 1966); and 
Tp - Tw = drop in temnerature from that at which overburden pressure 
is supported by creep stress down to temperature of interest (taken 
as 800 minus metamorphic temperature). Making reasonable 
assumptions for the values of these parameters in the Troodos 
environment, permeabilities for different rock units are calculated 
in Table 8-1. 
Convection 
For convection of a fluid through a nermeable medium, the 




 - T0)gh , (1ooding, 1967) 
K /K .K.V 
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where D = permeability (cm 2 ); 	= coefficient of thermal volume 
expansion of fluid (Elder, 1965); T1 - T0 = temperature difference 
between upper and lower boundaries (for which the metamorphic 
temperatures in Table 2-1 are used); g = gravitational acceleration 
(cm. sec 2 ); h = thickness of rock unit (cm, from Fig. 2-2); 
K/K = ratio of conductivity of solid-liquid mixture to liquid alone, 
K = thermal viscosity of liquid and V 0 = kinematic viscosity of 
liquid in stokes, (Elder, 1965). 
For sustained free convection 2 should exceed 41T2 , i.e. 
> 40. Convection parameter values (1) are calculated in Table 8-1. 
Fluid Flow Rates 
From Darcy's Law: 
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TABLE 8-1 
Order of magnitude values for Permeability, Convection parameters and 
Fluid flow rates in the Troodos Crust. 
a function of y and T_T; b= estimated value; c- 800 0 minus metamorphic temp. 
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= 	
wherep.= coefficient of viscosity (east, 
1974);u = flow rate in cm per second over one cm ; D = permeability 
8/ 
in darcy = D x 1.0132 x 10 ; 	pfs = pressure difference in 
atmospheres over one cm, which is calculated using water density 
differences with respect to temperature (Burniiam et al., 1969) and 
the geothermal gradient (T1 - T0)/h (from Table 2.-1). 
Fluid flow rates are calculated in Table 8-1. Geothermal 
gradients of 130C/km were assumed for all units including the 
stockwork (although gradients here were probably much higher). 
d) Conclusions 
The values for convection parameters in Table 8-1 are 
based on values for physical data which are poorly known, figures in 
Table 8-1 must, therefore, be regarded as order of magnitude 
approximations. Nevertheless, a number of general conclusions may 
be made. 
For those rocks in which permeability results solely from 
cooling contraction limiting conditions to convection (j>40) may 
occur when: 
The rock has cooled to temperatures only slightly lower than 
those at which cooling contraction cracking occurs; the data for 
the gabbros in Table 8-1 suggest that fluid convection could occur in 
these rocks when they are only lOOC cooler than the temperature at 
which cooling contraction cracking occurs (for average crack spacing 
of 5 cm.), which is probably soon after solidification. 
Convection is strongly controlled by the mean crack spacing. 
However, the mean crack spacing in the S.I.C. would have to be very 
small!... 
small (on the order of 0.01 cm., which is the approximate grain size 
of the rocks) for convection not to occur; the mean crack spacing in 
the S.I.C. is likely to be influenced by the dimensions of the dykes 
which are on the order of 1 metro wide. 
For all reasonable estimates the data suggest that 
convective circulation is theoretically feasible. Table 8-1 
ernphasises that fluid flow rates in the pillow lavas and stockworks 
(and also in vein-fractured parts of the S.I.C. and gabbros) may be 
several orders of magnitude higher than in those parts of the S.I.C. 
and gabbros fractured solely as a result of cooling contraction. 
This analysis, therefore, supports the patterns suggested for water/ 
rock ratios in Section 8-1. iluch of the fluid f1o.r through the 
Troodos crust must be fracture controlled. 
8.3 Copper and Sulphur liass Balance Requirements 
In conjunction with a model in which the Troodo3 orebodies 
formed from heated seawater solutions which had interacted with the 
Troodos crust (Chapter 11), copper and sulphur mass balance 
requirements are examined. 
Copper 
As a simple model one may consider an average orebody of 
1.7 millions tons containing 1.5 copper (average from data in Bear, 
1963), produced from fluids which had leached copper from the rocks 
over a radius of 1 km. around the orebody, to a depth of 2 km. Nass 
balance calculations indicate that about 1.5 ppm Cu would have to be 
leached from the rocks. A model taking into account the total 
number of orebodies and prospects reported from Troodos (Bear, 1963), 
the!... 
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the total pillow lava outcrop, and assuming 2 km 0 depth leaching, 
yields a value of 0.3 ppm Cu. These values must be minimum average 
values since the calculations aisume a perfectly efficient system 
(i.e. no copper loss). The values compare favourably, however, with 
typical Troodos pillow lava copper contents of 70-80 ppm., and the 
observation that lavas close to orebodies appear to be depleted in 
copper by about 6 pam. (Govett and Pantazis, 1971). 
Experimental, theoretical and empirical studies on the 
solubility of metals as a function of fluid temperature, pH, f0 2 , 
salinity and sulphur concentration, etc., have been made by a number 
of authors (e.g. White, 19 68; Helgeson, 1969; liriagu, 1971a, b; 
Ferguson and Lambert, 1972; Anderson, 1973). However, very few 
data are presently available for the solubility of copper in 
hydrothermal solutions. In an experiment on the interaction of 
seawater with basalt Bischoff and Dickson (1975) measured a final 
copper concentration of 0.25 ppm. in the fluid at 200C, pH 5.2. 
Higher copper concentrations may be achieved in higher temperature 
fluids (e.g. Troodos stocicwork fluids) or where, for example, pH 
values were particularly low or fluid salinities high. 
If copper concentrations of 0.25 to 1 ppm. are assumed 
for the Troodos hydrothermal fluids, minimum water/rock ratios of 
about 1 (by weight) would be required to remove 0.3 to 1.5 ppm. Cu 
from the Troodos rocks. Therefore, whilst copper mass balance and 
solubility calculations must be very approximate, the minimum 
necessary water/rock ratios for production of the Troodos cupriferous 
orebodies through leaching of copper from the underlying rocks are, 
on the above analysis, consistent with minimum water/rock ratios 
indicated/... 
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indicated by the isotopic data. 
Sulphur 
Using a similar model to that of conper, i.e.: for an 
orebody of 1.7 million tons at 4 	sulphur (values from Bear, 1963) 
formed by fluid circulation over a radius of 1 kin, to a depth of 2 km.; 
then one requires an average of'lO 4 gins, of sulphur for every gram 
of rock through which the fluid passes. Little data are available 
concerning how much sulphur is gained or lost from oceanic rocks 
during their hydrothermal alteration; Scott and Hajash (1976) 
suggest that sulphur is lost from the rock. For all orebody sulphur 
to be derived from leaching of rock (i.e. igneous sulphur source) 
model calculations would require reiaoval of at least 12 of the 
rock sulphur (fresh basalt sulphur content = 600 ppm., Moore and 
Fabbi, 1971); a pure igneous sulphur source is at any rate ruled 
out by the sulphur isotope data. 
For the orebody sulphur to be derived from seawater 
sulphur, which is consistent with sulphur isotope data, model 
calculations would require minimum water/rock ratios of'O.l (by 
weight) if no seawater sulphur was lost by, for example, anhydrite 
precipitation. Water/rock ratios of"3 (by weight) would be required 
if about 95 of the seawater sulphur was lost by anhydrite 
precipitation (see Section 6.7). These calculated minimum water/ 
rock ratios, like those based on copper, compare favourably with 
water/rock ratios based on the isotopic data, 
CHAPTER 9 
CHE-?JICJX_L CHANGES 
9.1 Initial Chemistry of Cceanic Basalts 
Compared to analyses of fresh oceanic basalts, basaits 
and dolerites from the oceanic crust and from ophiolite complexes 
have a wide range of chemical compositions, suggesting large scale 
mobilisation and redistribution of many of the elements (Table 9-1). 
Calculation of the chemical gains and losses which occur during 
seawater alteration require knowledge of the initial composition of 
the fresh rocks prior to alteration. 
Fresh oceanic basalts show a restricted range of 
compositions, Table 9-1 (from Engel et al., 1965; Cana, 1971). Cann 
(1971) suggests that fresh oceanic basalts span the 'boundary' between 
tholelitic basalts and alkali basalts, with the former being the 
most common. Compositions of fresh hasalts from the Lau basin, a 
'behind-arc' environment, have been reported by Hawkins (1976); 
they are very similar to fresh oceanic basalts from 'normal' oceanic 
environments. It must be emphasised that the fresh oceanic basalt 
compositions in Table 9-1 are biased to'iards the extremely large 
number of samples recovered from the surface of the oceanic crust, 
which are not necessarily so characteristic of deeper formed basalts 
and dolerites. Also, recent detailed sampling has demonstrated that 
variations in chemistry may occur over a small area (Hekinian, 1976). 
The extensive alteration of the Troodos rocks makes it 
difficult!... 
'S 
difficult to determine their initial fresh chemistry precisely. A 
debate on this problem has been presented by Iliyashiro (1975a, b), 
Hynes (1975), Noores (1975) and Gass et al. (1975). It is probable 
that fresh Troodos basaltic rocks had chemical characteristics 
generally similar to ocean floor tholeiites, with a subordinate trend 
(e.g. the U.P.L.) possibly towards island arc rocks (refs. op.cit.; 
Pearce, 1974). However, because of the detailed similarity between 
the geology of the Troodos crust and oceanic crust from 'normal' or 
'behind-arc' environments, and the apparent uniform composition of 
fresh oceanic basalts from these environments, the compositions of 
fresh Troodos basalts and dolerites are assumed, at present, to have 
been initially similar to those of fresh oceanic basalts. The 
composition of the glassy rim of a relatively unaltered Troodos 
pillow lava, Table 9-1, is quite similar to that of fresh oceanic 
basalt except in Na content. 
9.2 Chemical Changes During L.P.L. and S.I.C. Alteration 
Average major element compositions with mean deviations 
of 24 L.P.L. and 20 S.I.C. samples from analyses of Wilson (1959), 
Bear (1960), Bear and I1orel (1960), Carr and Bear (1960), Gass (1960) 
and Noores and Vine (1971) are shown in Table 9-1. Upon alteration 
oceanic rocks undergo a marked decrease in density (e.g. Christian 
and Salisbury, 1973). Density measurements were made of eight 
Troodos samples (using a Steelyard balance); the data, together with 
those for nine other samples (from Memoirs of the Cyprus Geological 
Survey) are shown in Table 9-2. Whilst there is a progressive 
density decrease from the gabbros to the L,P.L., within each unit 
sample!... 
Table 9-1 
Compositions in weight per cent 
Average and average deviation for 24 L.P.L. and 20 S.I.C. 
samples (analyses in dilson, 1959; Bear, 1960; Bear and 
Morel, 1960; Carr and Bear, 1960; Gass, 1960; Moores and 
Vine, 1971). H 
2 0 	includes data from Table A2. 
Average and average deviation from partial analyses of 8 
stockwork basalts (Constantinou, 1972); H 
2  0 data from 
Table A2. 
Average and standard deviation for 94 'fresh' oceanic basalts 
(Cann, 1971); except for Fe 203 , FeO and H 2  0 which are from 
Engel et al. (1965). 
Composition of the glass rim of a Troodos pillow (Bear, 1960; 
see Gass, 1968). 
Total iron as FeO calculated from the Fe 203 and FeO composition3 
shown. Cann (1971) reports FeTOT = 11.5 for oceanic basalt, 
and Smewing et al. (1975) FeTOT = 10.2 10 for L.P.L. + S.I.C. 
rocks; using these values would nake no difference to the 
conclusions in the text. 
• L.P.L.a ia STKSrK.b FRESH OCEANIC 'FRESH' TROODOS 
BASALT BASALT 
Si02 55.2 (6.4) 53.0 (5.8) 55.4 (5.4) 49.61 (0.72) 51.71 
A1 203 14.7 (1.1) 14.6 (1.3) 11.2 (1.4) 16.01 (0.85) 14.70 
Fe 203 3.7 (2.2) 3.9 (1.5) 17.5 (3.9) 1.99 (0.65) 1.86 
FeO 4.6 (1.2) 4.1 (1.7) 6.82 (1.50) 6.34 
FeO, 
OT 7.9 7.6 8.6 8.0 
MgO 4.7 (1.9) 5.2 (1.6) 5.3 (3.2) 7.84 (0.9) 7.55 
CaO 7.4 (2.6) 6.8 (2. 9 ) 0.02 (0.01) 11.32 (0.64) 10.74 
Na20 3.0 (1.2) 3.3 (1.4) 0.5 (0.5) 2.76 (0.25) 1.88 
1(20 0.6 (0.5) 0.5 (0.3) 0.5 (0.6) 0.22 (0.12) 0.25 
H 2  ot 2.8 (1.3) 2.5 (0.7) 5.6 (0.4) 0.69 0.82 
TABLE 9-1. 
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sample densities appear to be quite uniform. Densities for the 
gabbros, notably the fresh samples, are close to 2.9 gms./cc. 'which is 
the typical density suggested for fresh oceanic basalts (Christian 
and Salisbury, 1973). 
The density decreases observed in Troodos and oceanic 
samples are more likely a result of material loss, than expansion; 
• constant volume model 'will, therefore, be assumed in preference to 
• constant mass model (see Cann, 1969). The composition columns in 
Table 9-1 are multiplied by the relevant average densities in 
Table 9-2 (using a density of 2.9 gms./cc. for fresh oceanic rocks) 
and the differences betieen average L.P.L.-S.I.C. and fresh oceanic 
basalt values are sho:n in Table 9-3, expressed as element changes 
in gram atoms per 1000 cc. of rock. Similar values, except for Na, 
are obtained when the L.P.L.-.I.C. compositions are compared with 
the 'fresh' Troodos pi1lo:r lava rim analysis. Tabulation of the 
element changes in gram atoms per unit volume expresses, more 
clearly than simple weight per cent changes, the relative importance 
of the different elements in the alteration process. 
It is emphasised that the values in Table 9-3 (for 
discussion of stockworks, see Section 9.4) are based on average L.P.L. 
and S.I.C. composition3 reported in the literature; with subsequent 
more detailed mapping of the Troodos pillow lavas, some of the L.P.L. 
samples may be part of the U.P.L. as now defined (Gass and Smewing, 
1973; Smewing et al., 1975). Also, as the deviations from the 
compositional averages in Table 9-1 suggest, for a particular sample 
element changes may be different to those in Table 9-3. Nevertheless, 
whilst values in Table 9-3 may not be quantitively significant, their 
magnitude!... 
L.P.L. S.I.C. Gabbros 
2.44 (51)* 2.61 (5) 2.88 (45) - fresh 
2.48 (27) 2.71 (16-2) 2 .95 (75) - fresh 
2.46 2.81 (16-3) 2.67 (33-3) - altered 
2.40 2.73 2.91 
2.39 2.65 3.01 
2.61 2.88 
av: 2.44 2.69 2.88 
mADr 	o__') 
Densities of Troodos rocks in grams/cc. From this study, 
denotes sample number, and Memoirs of the C.G.S. 
L.P.L. STKWK. S.I.C. 
Si -1.5 -2.5 +0.9 -0.1 -0.2 -1.2 
Al -2.1 -1.4 -3.1 -2.4 -.1.3 -0.6 
Fe3 +0.3 +0.4 +5.1 +5.2 +0.5 +0.6 
Fe2 -1.4 -1.0 -1.2 -1.0 
Fe2tot. -1.1 -0.6 +2.2 +2.7 -0.8 -0.4 
Mg -2.7 -2.6 -2.1 -1.8 -2.1 -1.8 
Ca -2.6 -2.4 -5.7 -5.5 -2.5 -2.3 
Na -0.3 +0.9 -2.2 -1.0 +0.6 +1.8 
K +0.3 +0.3 +0.3 +0.3 +0.3 +0.3 
H +5.6 +4.8 +14.9 +14.1 +5.2 +4.4 
TABLE 9-3 
Average element change during alteration in gram atoms 
per 103 cc. rock; comparing Troodos rocks to fresh 
oceanic basalt and fresh Troodos basalt, respectively. 
+ = addition to, - = removal from, rocks. From data in 
Tables 3-1 and 3-2 (stockwork density assumed = s.i.c.). 
magnitude and sign represent the best present estimate for the 
overall major element changes occurring during alteration of the 
Troodos crust, if the assumption as to the initial compositions of 
these rocks is correct. For the predominantly zeolite facies L.P.L. 
and greenschist facies S.I.C. alteration the data suggest: loss of 
Ca and Mg, and of Si and Al (less marked in s.i.c.); slight loss of 
Fe with an increase in iron oxidation; gain in K and, at least in 
the S.I.C., in Na; and a marked gain in H. 
The gains and losses for the L.P.L. (zeolite facies) 
and S.I.C. (greenschist facies) Troodos samples are compared in 
Table 9-4 to similarly calculited gains and losses occurring during 
zeolite and greenschist fades alteration of oceanic samples. For 
a given element the gains and losses are similar between Troodos and 
oceanic rocks, except for Mg and possibly K. The oceanic samples 
were collected by dredging, and it is often difficult to distinguish 
those changes which occurred during zeolite or greenschist facies 
alteration from those which may have occurred during later, low 
temperature halmyrolysis when the sample was exposed on the seafloor. 
In particular, K 2 
 0 is known to increase in basalts undergoing 
alteration close to the seafloor, and it may be difficult to decide 
whether a dredged oceanic basalt shows a K 2 
 0 increase solely as a 
result of seafloor alteration or whether some of the observed K 2 
 0 
increase is due to higher temperature (zeolite-greenschist facies) 
metamorphic alteration. If the differences in Mg and K gains and 
losses between Troodos and oceanic samples are real they may reflect 
differences in the alteration processes, or, possibly, be a result 
of the Troodos basaltic rocks having LoL..,Ir initial Mg and hhek 




Si 	- 	 0 
Al - - 
Fe 	- 	 - 
Ng - - 
Ca 	- 	 - 
Na + + 
K 	+ 	 + 
H 2 0 + + 
Oceanic 2 
	




+ 	 + 
+ 	 + 
Table 9-4 
Gains and losses of some principal chemical constituents 
during hydrothermal alteration of oceanic crust. 
+ = addition to rock, - = loss from rock 
Isovolumetric model. Zeol. = zeolite fades = L.P.L. samples. 
Green. = greenschist facies = S.I.C. samples. 
Summary of zeolite and greenschist fades oceanic alteration 
based on Cann (1969), Auinento et al. (1971), Miyashiro et al. 
(1971), Hart (1973) and Humphris (1975). 
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basalts from island arc environments (cf. the back-island arc 
environment suggested for the Troodos complex; Pearce, 1975) have 
generally higher 1< and tot.jt,- 	 than fresh oceanic basalts. 
9.3 Changes in Seawater Chemistry 
The total length of present oceanic spreading axes is 
estimated to be 5.4 x 104 km., with an average half-spreading rate 
of 2.7 cm./year (Williams and von Herzen, 1974). If chemical 
changes are considered to occur essentially through seawater 
interaction with, say, 3.5 km. of igneous oceanic crust, this 
represents interaction with about 10 km. 3 of crust per year. The 
total gains and losses for major elements in seawater per year 
which would result from seawater interaction with the Troodos L.P.L. 
and S.I.C. ('.'3.5 km.) are shown in Table 9-5, based on values in 
Table 9-3; the overall net addition of mass to seawater is 
equivalent to the mass loss from the rocks reflected in their density 
decrease (assuming constant volume). It has been noted above that 
the calculated changes in Mg and K during metamorphism of the Troodos 
rocks may be different to those calculated for oceanic metamorphism. 
For comparison, the seawater chemical changes calculated by Hart 
(1973) for metamorphism and 'weathering' of oceanic basalts are also 
shown in Table 9-5; certain total seawater budget assumptions were 
made in calculating these values (see Hart, 1973). 
The degree of chemical modification of the seawater 
fluids is significant (e.g. over 106  years) when compared to the total 
element abundance in seawater. Seawater alteration of the igneous 
rocks of the oceanic crust may be expected to be a major process 
influencing the chemistry of both the crust and the world's ocean 
waters!... 
xi iii iv 
Si + 2 x 1014 + 6.9 x 10 14 4.2 x 1018 8.0 x 10 
Al + 4 x 1014 1.4 x 10 16 1.0 x 102 
Fe + 5 x io + 0.6 x 10 14 1.4 x 10 16 1.4 x 102 
Mg + 5 x io - 0.8 x 1014 1.9 x 1021 4.5 I 10 
Ca + 1 x 1016 + 8.1 x 1014 5.6 x 1020 8.0 x 106 
Na - 1 x 10 14 - 2.1 x 1014  1.4 x 10 2.6 x 108 
K - 1 x 1014 - 0.6 x 10 14 5.3 x 1020 1.1 	x 107 
TABLE 9-5. 
Sea water element gains and losses resulting 
from alteration of Troodos L.P.L. and S.I.C.; in grams per 
year. 
Sea water element gains and losses during 
oceanic basalt weathering, 'retrograde' metamorphism and 
greenschist facies metamorphism, from Hart (1973) based on 
oceanic data with assumptions as to values for K, Mg and Ha; 
in grams per year. 
Mass of elements in sea water, in grams. 
Element residence times (years) in sea water 
(Goldberg, 1963). 
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waters (Deffeyes, 1970; Hart, 1973; 	Wolery and Sleep, 1976). In 
order of magnitude terms the overall seawater chemical changes 
occurring as a result of seawater-oceanic crust alteration, are 
probably as important as those re3ulting from the continental 
runoff contribution to seawater (see Wolery and Sleep, 1976). 
Oceanic crust alteration may act as a sink to balance the continental 
runoff input of 11g, Na and K. Ca supplied to the seawater may be 
precipitated as calcite. The residence times for Si, Al and Fe are 
quite short (Table 9-5), and these elements removed from the oceanic 
igneous rocks by seawater may be subsequently precipitated as 
authigenic silica or clays, or go into the formation of basal 
Fe-rich sediments (Table 2-2). 
9.4 Chemical Changes During Stockwork Alteration 
Average compositions and mean deviations from partial 
analyses of eight stockwork samples (five mines) reported by 
Constantinou (1972) are shown in Table 9-1. It is not certain how 
much vein material was present in these samples. However, on the 
basis of chemical and microprobe analyses (Section 6.3 and Table A6-1), 
the approximate calculated 3i0 2 , A1 203 and MgO contents of three 
non-veined 'whole rock' samples in this study are: Ms 31, 56.2%, 
12.4%, 9.5%; Li 3, 68.5%, 8.4%, 4.5%; 12/624, 50.9%, 13.6%, 13.8%; 
respectively. These values are within the range of those of 
Constantinou (1972), which suggests that his stockwork samples, 
Table 9-1, did not contain significant amounts of vein material 
(e.g. vein quartz). 
In a manner analagous to discussion of the L.P.L. and 
S.I.C. data above, the average chemical changes occurring during 
alteration!... 
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alteration of the stockwork basalts are shown in Table 9-3. A 
density of 2.7 gm./cc. was used for stockwork calculations in 
Table 9-3 (cf. quartz and chlorite densities), assuming fracture 
cavity space to be more of tectonic origin rather than a result of 
material loss. The data suggest: a marked loss of Ca, and also of Al, 
Na and Mg; no significant overall change in Si; gain in Fe and a 
very marked gain, in H. The large amount of quartz in the stockwork 
basalts may be a result, therefore, of base leaching without the 
removal of Si, with large amounts of hydrogen being introduced by 
hydrolysis and/or hydration reactions. The importance of 'hydrogen 
metasomatism' and base leaching during wall rock alteration has 
been discussed by a number of authors (e.g. Hemley and Jones, 1964; 
Meyer and Hemley, 1967; Helgeson, 1967); the process should be 
favoured by at least weakly acidic conditions (Section 6.8). 
Solutions showing strong capability of hydrogen metasomatism should 
show relatively high fugacities of sulphur in the suiphide 
assemblage (Meyer and Hemley, 1967). Constantinou (1972) suggested 
that disseminated pyrite in the altered stockwork basalts formed 
largely by addition of sulphur to existing iron phases (especially 
magnetite) and that the absence of copper and zinc sulphides in the 
altered basalts resulted from the lack of existing Cu and Zn phases. 
9.5 Changes in the Isotopic Composition of Seawater 
The average isotopic composition of the upper - 5 km. of 
the Troodos igneous crust is suggested in Table A8 to be - 47, 
180 + 7.1%.. The average & 8o value of the igneous oceanic crust 
is calculated to be "- + 5.8 °!.., which is lorer than the Troodos value. 
Since the oceanic samples are from dredge hauls it is difficult to 
correctly!... 
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correctly 'weight' their compositions to calculate an average 
isotopic value. In particular, the lower average calculated o l8 0 
value for the oceanic crust is essentially due to the lower 8180 
values for oceanic metabasalts compared with the Troodos pillow 
lavas. This may result from the dredge hauls concentrating on sites 
close to the oceanic spreading centres (to avoid sediment cover); 
higher metabasalt &
180values may be characteri3tic of the upper 
layers of the oceanic crust away from the spreading centre, where 
the basalts have undergone low temperature seawater alteration for 
longer periods. 
If the original isotopic compositions of the igneous 
Troodos and oceanic crusts are assumed to be &D = - 77%.. (Craig and 
Lupton, 1976), 9180 = + 5.7%..(r.luehlenbachs and Clayton, 1972a) 
then, on the basis of Troodos values, the igneous rocks have become 
D-enriched by 30 %.. and 180-enriched by 1.4 °/.... during seawater 
interaction. Using the values referred to in Section 9.3,"15 cu.km . 
of igneous oceanic crust 5 km. thick are produced per year. Taking 
into account the probable mass of hydrogen and oxygen in the altered 
Troodos rocks (".'io 14 and 2x10 16 gms. respectively for 15 cu.km . of 
rock) and in the world's oceans (''1.5x1O23 and 1.2x1024 gms. 
respectively) then the heavy isotope enrichments in the rocks should 
produce a corresponding average D-depletion of"2'/00 and 180-depletion 
of "-2 °/....in ocean water per 108  years. It appears, therefore, that 
the pre3ent rates of change in the hydrogen and oxygen isotope 
composition of seawater as a result of seawater-igneous rock 
interaction at oceanic spreading centres is not significant over a 
hundred million years. Larger, and shorter term variations may be 
produced!... 
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produced through variations in the size of the polar ice-caps 
(Knauth and Epstein, 1976). Muehlenbachs and Clayton (1975) suggest, 
on the basis of mass-balance calculations, that ocean water 180_ 
depletion is balanced by 180-enrichment. It is quite possible, 
however, that the world's ocean water has changed its isotopic 
composition since the early stages of the earth's history, but has 
now reached a near 'equilibrium' value with respect to seawater-
igneous crust interactions. Seawater-oceanic crusts interactions are, 
potentially, a powerful influence on the isotopic composition of 
ocean water, at least over a long period of time. 
CHAPTER 10 
SERPENTINIATTON AND RECENT CALCITES 
SERPENTIN IS ATION 
10.1 Introduction 
The foregoing chapters have considered the sub-seafloor 
alterat:ion processes which modified the gabbros, trondhjemites, 
Sheeted Intrusive Complex and the pillow lavas. The ultrabasic rocks, 
which in general underlie the gabbros, are also altered - 
serpentinised - to varying degrees on a regional scale, and calcite 
is associated with some of the serpentinites. Ultrabasic rocks of 
the Troodos complex outcrop in the central, Mt. Olympus, area ('v80 
sq. km .), the Limassol Forest area ("80 sq. km .) and as an inlier 
of the Troodos complex on the Akamas peninsula ("io sq. km .), 
(Fig. 10-1). Thrust masses of serpentinite, possibly genetically 
related to the Troodos complex (Robertson and Hudson, 1974), also 
occur within the Mamonia nappes (Fig. 10-1). SerpePtines from the 
central part of the Troodos complex, in the Mt. Olympus area, have 
been analysed by Margaritz and Taylor (1974). Their data and 
interpretations are discussed below. 
Very little is known about the age or ages of 
serpentinisation. 	froni palaeomagnetic data Moores and Vine (1971) 
have suggested that serpentinisation of the Troodos complex occurred 
later than the seawater-hydrothermal alteration of the overlying basic 
rocks. The earliest evidence of detritus derived from the flanks of 
Mt./... 
10-1 
Sample localities for serpentines and recent calcites. 
Serpentine localities from Limassol Forest, the 
Mamonia complex and the Akamas peninsula inlier. Calcite localities 
from the U.P.L. and from a trondhjemite outcrop within the upper 
S.I.C. Samples numbers refer to Tables Al and A2. 
Simplified geology of the Central Troodos ultrabasic 
complex (outlined in Fig. lO-ib) showing the outcrop areas of the 
main ultrabasic rock types, the approximate extent of the 'remobilised 
areat, and the location of major faults (from Wilson, 1959; i400res 
and Vine, 1971), together with the sample localities for Central 
Troodos type I and Central Troodos type II serpentines, and a stream 
conglomerate calcite. Sample numbers refer to Tables Al and A2, 
c'l8 	 '18 numbers in brackets are serpentine o 0 values. o 0 values for 
serpentine localities represented by open symbols are the average 
values for antigorite-free serpentine samples from that locality 
(from Margaritz and Taylor, 1974). 
xj 
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Mt. Olympus - boulders and cobbles of gabbro and serpentinite - is 
found in the late Pliocene - Pleistocene Fanglonierate lying on 
Pliocene mans, which suggests that the ultramaf ic core of the Troodos 
complex was first broached at the beginning of the Pleistocene 
(Wilson, 1959; Allen, 1975). A detailed petrologic and chemical 
study of serpentinisation of the central ultrabasic core of the 
Troodos complex has been presented by Allen (1975). 
Serpentines and serpentinised ultrabasic rocks were 
collected from the main areas of ultrabasic rocks. The serpentines 
are discussed In five different groups based on their geologic 
characteristics and their occurrence. The elevation of localities 
ranges from sea level at the Akamas peninsula to just under 2000 
metres on Mt. Olympus. 
Central Troodos type I serpentines come from the 
arcuate zone of harzburgites, dunites and pyroxenites lying about 
and to the west of Mt. Olympus. These rocks form the main, middle 
and western part of the central ultrabasic core of the Troodos 
complex, Fig. 10-lb. Serpentine generally forms between 60 and 8 
of the dunites, harzburgites and pyroxeriites (Allen, 1975). The 
serpentine occurs as fracture-filling veins and as a pervasive 
alteration of olivine, and to a lesser extent of pyroxene, away from 
veins. Close to the veins the original igneous texture of the rocks 
may be largely destroyed, however, in the bulk of the rocks away 
from the veins the original igneous textures are preserved. 
Palaeomagnetic vectors in these serpentinised rocks are stable and 
oriented in approximately the same direction as the earth's present-
day magnetic field (Moores and Vine, 1971). 
Central Troodos type II serpentines come from the 
intensely/... 
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intensely serpentinised ultramafic core of Troodos to the east of 
Mt. Olympus. This area, shown in Fig. lO-ib, is roughly oval in 
shape ('i5 x 4 km.). It includes the 'bastite-serpentinites' or the 
'remobilised area' of dilson (1959) and Moores and Vine (1971), and 
the immediately adjacent zone to the west which is heavily faulted 
and veined. Ultramafic rocks of the 'reinobilised area' are harzbur-
ites with rare, small dunite bodies (Alien, 1975). The rocks are 
heavily sheared and brecciateci. Serpentine veining is very much more 
intense than in the type 1 area and the wall rocks between the veins 
are almost totally serpentinised with the loss of their original 
igneous textures. Serpentine forms 80 to 10O of the rock (Allen, 
1975). Whilst in places the boundaries of the 'remobilised area' 
may be related to a number of major faults, the limits of the area 
are poorly defined and it is probably generally gradational into the 
area of less heavily serpentinised (type I) rocks (;Iilson, 1959). 
Allen (1975) suggests that the intensity of serpentinisation decreases 
progressively away from the 'remobilised area'. Palaeomagnetic 
vectors in the 'rernobilised area' are unstable and randomly oriented 
(Moores and Vine, 1971). 
Limassol Forest. Plutonic rocks of the Limassol Forest 
area (Fig. lQ.-l) include a large amount of serpentinite 
petrographically similar to that of the Central Troodos ultrabasic 
complex (Bear and Morel, 1960; Pantazis, 1967). 
Akamas peninsula. Robertson and Hudson (1974) suggest 
that serpentinites, genetically related to the Troodos complex, have 
been thrust over an inlier of Troodos complex igneous rocks (Fig. is-i). 
Mamonia serpentines occur in thrust masses of serpentinised 
harzburgite/... 
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harzburgite within, and generally near the base of, the I4amonia 
nappes; in places sheared masses of Troodos pillow lavas, diabase 
and gabbro are enclosed within the serpentinite (Robertson and 
Hudson, 1974). Genetically, the serpentinites may belong to the 
Troodos complex rather than to the Marnonia napoes (Robertson and 
Hudson, 1974). The majority of rocks within the nappes are Triassic-
Jurassic sediments of a variety of facies, including sandstones, 
limestones and cherts (Robertson and Hudson, 1974; Pearce, 1974). 
18 , 
0/
l6  0 and/or Df H ratios were measured on four Central 
Troodos type I, one Central Troodos type II and three I4amonia 
serpentines. D/H ratios only were measured on two Liniassol Forest 
and two Akamas peninsula serpentines. Most of the samples were 
analysed by X-ray diffraction to distinguish the lizardite or 
chrysotile polymorph (termed Lizardite/chrysotile) from antigorite 
(Appendix 3; Wenner and Taylor, 1973, 1974). All the samples are 
lizardite/chrysotile except for one Akamas peninsula serpentine which 
is predominantly antigorite. 
10.2 Isotope Data 
The hydrogen and oxygen isotope data (from Table A-2) for 
vein and non-vein Central Troodos type I, type II and Mamonia 
serpentines are plotted on Fig. 10-2. Also included on Fig. 10-2 are 
the Troodos serpentine data of Margaritz and Taylor (1974). whilst 
the locations of their samples are not known with precision six 
samples were from within, and five from the marginal faulted zone 
adjacent to, the 'remobilised area' (Fig. 10-1b) and are ascribed to 
Central Troodos type II; a single sample was from outside the 
'remobilised area' and is ascribed to Central Troodos type I. 
Central!... 
!1g. 10-2 
Hydrogen and oxygen isotope compositions of Central 
Troodos type I, Central Troodos type II and Marnonia complex 
lizardite/chrysotile samples. They are compared with fields for the 
compositions of lizardite and chrysotile from oceanic ultrabasic 
rocks, ophiolite complexes (including the 180-rich part of the field 
for Vourinos samples), and 'alpine' ultrabasic rocks, and Eastern 
U.S.A. deweylites (ienner and Taylor, 1973, 1974). The meteoric 
water (M.I.) line and the Kaolinite Line (Savin and Epstein, 1970) 
are given for reference. Opeii 59m b0L d0..L0.. jrom u1oro.rthz 
and la(-or (/974). 
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Central Troodos type I. Five lizardite/chrysotiles, 
from veins in harzburgite and dunite, and as slickenside fractures 
and disseminated in pyroxenite have aD = - 70 to - 90%,, 8180 = 
+ 4.6 to + 4.9%. A single lizardite vein, probably in pyroxenite 
or dunite, of I1argaritz and Taylor (1974) has a similar isotopic 
composit:Lon,D = - 91, 
18 
 0 = + 3.4/.1,. 
Central Troodos type II. A lizardite/chrysotile from a 
vein in heavily serpentinised harzburgites clos3 to the Asbe3tos 
mine east of Troodos village hasD = - 84%,, 9 180 = + 12.7L. 
These values plot within the range of isotopic values observed by 
Margaritz and Taylor (1974) for nine vein and non-vein Central 
Troodos type II lizardites and chrysotilea: & D = - 75 to - 92Z0, 
t18 o 0 = + 10.3 to + 14.1. A single antigorite vein sample of 
Margaritz and Taylor (1974), hasD = - 60., S180 = + 
Namonia. Three lizardite/chrysotiles, from the groanthnasses 
and from slickenside surfaces of heavily serpentinised ultramafic 
rocks from three well separated localities but at similar elevations 
in the Namonia complex, haveD = - 62 to - 	80 = + 7.4 to 
+ 8.OZ,. 
Akarnas peninsula and Limassol Forest serpentines were 
analysed in less detail, partly because of difficulties in mineral 
separation and because the geological framework is less well understood 
in these areas. Disseminated lizardite/chrysotile from a harzburgite 
in the Akamas peninsula has SD = - 67L; an antigorite, possibly 
with some lizardite/chrysotile, from a fracture surface in harzburgite 
from the same locality hasD = - 587.. An almost totally 
serpentinised ultramafic rock (12.1% H20), and disseminated lizardite/ 
chrysotile from a 'bastite-serpentinite' both from the Limassol Forest 
area haveD = - 77 and - 75, respectively. 
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10.3 Discussion 
D/H and 180/160 data for Central Troodos type I, type II 
and Mamonia lizardite/chrysotile are compared in Fig. 10-2 with data 
for lizardite/chrysotile from dredged oceanic rocks, talpine_type? 
ultramafic rocks and ophiolite complexes, and data for 'deweylites' 
(Sheppard and Epstein, 1970; .Ienner and Taylot, 1973, 1974). As 
emphasised by Nargaritz and Taylor (1974) many serpentines from 
Cyprus are enriched in 180 relative to most previously analysed 
serpentines. All the 
180-rich sample3 are from within, or very close 
to, the 'remobilised area' , i.e. they are of Central Proodos type II. 
However, the new data presented here, with much wider geographic 
, 






ratios (a 0 . o 0 Central Troodos type ii), such as the Central 
Troodos type I and Mamonia serpentines, are probably equally important 
in Cyprus. On the basis of present sampling, there appears to be a 
distinct 180-gap (of about 5%) between the Central Troodos type I and 
Central Troodos type II serpentines. 
The Central Troodos type I, type II and Mamonia lizardite/ 
chrysotile serpentines are isotopically distinct from serpentines 
from oceanic rocks (Fig. 10-2) where seawater has been interpreted to 
be the dominant source of the hydrating fluids at temperatures of 
about 100' to 200C (Sheppard and Epstein, 1970; Wenner and Taylor, 
1973). SD values for lizardite/chrysotile from Limassol Forest 
serpentinite are lower than those for oceanic samples. This implies, 
therefore, that much of the lizardite/chrysotile serpentinisation on 
Cyprus did not involve seawater, at least of normal isotopic 
composition. The single Akamas peninsula lizardite/chrysotile sample 
analysed/... 
-110- 
analysed, which was from the sea-shore, has aSD value just within 
the range of values for oceanic samples and is consistent with 
seawater serpentinisation. An antigorite from the same locality has 
the lowest D/H ratio of the Cyprus serpentines analysed, ED = - 58 
which lies within the range of &D values for 'continental' antigorites 
(D = - 39 to - 667-, Wenner and Taylor, 1974). 
For the lizardites and chrysotiles from ophiolite bodies 
(which included Vourinos, Greece; New Caledonia; and several 
Californian ophiolites) studied by Wenner and Taylor (1973) they 
demonstrated that serpentinisation occurred in the presence of local 
meteoric water fluids at temperatures of less than 200C (probably 
c"8 '-i0o C). The Central Troodos type I serpentines have o 0 values 
similar to other ophiolite serpentines. They are slightly enriched 
in deuterium (Fig. 10-2) and this may reflect differences in the 
local meteoric water D/ll ratios among these areas. 
The Central Troodos type II lizardites and chrysotiles are 
markedly 180-rich compared to serpentines from practically all other 
ophiolites (rargaritz and Taylor, 1974). A few 180-rich serpentines 
have been described from parts of.the Vourinos ophiolite complex, 
Greece; these serpentines, however, may have developed from fluids 
which had interacted with nearby 180-rich carbonate rocks (tlenner and 
Taylor, 1973). The 
18
0-rich Central Troodos type II serpentines are 
also isotopically similar to 'deweylite' serpentines (see Lapham, 1961, 
for 'deweylite') which are believed to have formed from meteoric waters 
at surface temperatures (ienner and Taylor, 1974). Margaritz and 
Taylor (1974) suggest, however, that apart from the similarity in 
isotopic compositions there is nothing in the occurrence of the 
Central!... 
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Central Troodos type II serpentines to suggest a resemblance to the 
low temperature deweylites. 
Mamonia serpentines have isotopic compositions similar to 
serpentines from Caribbean 'alpine' ultramafic rocks. On the basis 
of data from a number of localities, including the Caribbean, Wenner 
and Taylor (1974) suçgested that 'alpine' ultramafic rock 
serpentinisation also occurred in the presence of meteoric waters at 
temperatures of '-'-'100 C. The 8 o/16  0 ratios of the meteoric waters, 
however, may have increased as a result of exchange with 180-rich 
country-rocks. 
Because the isotopic comDositionsof meteoric waters vary 
with changes in latitude and altitude, the gD values of Cyprus 
serpentines are plotted on Fig. 10-3 as a function of their sample 
locality elevation. The limited isotopic data for modern Cyprus 
meteoric waters have been discussed in Section 3.4. The SD values 
for the3e waters as a function of their elevation are included on 
Fig. 10-3. The D/H ratios of both the serpentines and the meteoric 
waters decrease with increase in altitude, and the rate of decrease in 
deuteriuin in serpentines with altitude Is approximately the same as 
the decrease in deuteriuin in meteoric waters with altitude. Whilst 
there is a wide spread ("20V) in the ID values of Central Troodos 
type I and type II lizardite/chrysotiles from similar altitudes 
(Fig. 10-3), this could result from serpentinisation having occurred 
over a period of time during which the isotopic composition of 
meteoric waters in a particular area changed. The meteoric waters In 
the Central Troodos area may have become, for example, isotopically 
lighter during uplift of the Troodos massif. 
10.4/... 
10-3 
Hydrogen isotope compositions of Cyprus serpentines 
(all lizardite/chrysotile where polymorph was identified) as a 
function of their sample locality altitude. Central Troodos type II 
samples, with the exception of one sample, are from Nargaritz and 
Taylor (1974) and approximate altitude has been estimated. Also 
shown are the hydrogen isotope compositions of Cyprus snow, spring 
and stream waters (this study) and rain waters (data from IAEA) as 
a function of sample locality altitude. 








10.4 Sources of Serpentinisation Waters 
The calculated hydrogen and oxygen isotope compositions 
of waters in equilibrium with Central Troodos type I, type II and 
I4amonia lizardite/chrysotiles are shoin in Fig. 10-4, for temperatures 
of 25 to 200C. There are no temperature data for Cyprus serperitinos. 
On the basis of oxygen isotope geothermometry ienner and Taylor (1971, 
1973) have suggested that lizardite and chrysotile from ophiolite 
complexes commonly forms at temperatures close to 100C (up to 185C 
for oceanic lizardite/chrysotile). Antigorite probably forms at 
higher temperatures (220-460C) whilst deweylite 13 considered to form 
at surface temperatures ('ienner and Taylor, 1971, 1974). 
The waters in Fig. 10-4 are calculated assuming large 
water/rock ratios (i/R = oo). To take into account the possibility 
that low water/rock ratios were involved during the serpentinisation 
of the ultramafic rocks, waters at 100C are also calculated for 
water/rock ratios = 1 (see method of Wenner and Taylor, 1973). These 
calculated waters represent the isotopic compositions of the waters 
prior to their entering and exchanging with the ultramafic rocks. They 
may be compared with the compositions of seawater, primary magmatic 
water, metamorphic water and Cyprus meteoric waters. 
Central Troodos type I 
The calculated hydrogen and oxygen isotope compositions of 
Central Troodos type I lizardite/chrysotile waters, Fig. 10-4, indicate 
that seawater did not form a significant part of the serpentinising 
fluids, and that magmatic or metamorphic waters were not a major 
component in the fluids unless temperatures were>"- 200C. Temperatures 
of "lOOC are preferred for ophiolite lizardite/chrysotile formation 
('lenner/... 
Fig. 10-4 
Calculated hydrogen and oxygen isotope composition of 
waters in equilibrium with Central Troodos type I, Central Troodos 
type II and Flamonia Complex lizardite/chrysotile at 25-200'C. 
Waters are calculated for water/rock ratios = 00 and, at 100C, 
for water/rock ratios = 1 (see text). Central Troodos type II waters 
are from Margaritz and Taylor (1974). Fields for ocean water (s.w.), 
primary magmatic water (P.M.w.), metamorphic water, Cyprus meteoric 
waters and the meteoric water (M.W.) line are given for reference. 
Star represents SM01. 
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(Wenner and Taylor, 1971, 1973). The data suggest that at these 
temperatures the Central Troodos type I serpentines formed from 
meteoric waters which had undergone slight 180-enrichment; 
alternatively they could have formed at i'- 50-80C from isotopically 
unmodified meteoric waters (Fig. 10-4). In either case the data 
suggest that meteoric waters were the dominant source of the Central 
Troodos type I serpentinisation fluids. This interpretation is 
virtually independent of whether water/rock ratios were high or low 
(Fig. 10-4). 
Central Troodos type II 
If the lizardites/chrysotiles of the harzburgites in, or 
close to, the 'rernobilised area' formed at temperatures on the order 
of 100 to 200C, the SD compositions of the serpentinisation waters 
, 
are indicated to be in the range - 20 to - 60 & 	
18 
; tne water 0/
16 
 0 
ratios, however, would be unusually 180-rich, + 4 to + 120%0(Ilargaritz 
and Taylor, 1974) Fig. 10-4. Margaritz and Taylor (1974) suggested 
a number of possible sources for such 180-rich waters, in particular: 
(i) meteoric waters produced in the Mediterranean during the late 
Miocene evaporite forming dessication period; (2) water of 
crystallisation of Miocene gypsum, perhaps released during diagenesis; 
(3) waters having isotopic compositions similar to the 
18
0-rich 
thermal waters of possible metamorphic origin described by '!hite et 
al. (1973). A mechanism for the production of 
18
0-rich waters is not 
required if these serpentines formed at low, near surface, temperatures 
(e.g. 10 to 250 in a manner analagous to the formation of 'deweylites' 
(Margaritz and Taylor, 1974). At these low temperatures meteoric 
waters are indicated (Fig. 10-4). The possible sources of the Central 
Troodos/... 
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Troodos type II lizardite/chrysotile waters are discussed below. 
1hatever model is proposed for the formation of these serpentines, it 
must take into account both the geology of the 'remobilised area' 
with which they appear to be related and their isotopic compositions, 
which are distinct from the geology and isotopic compositions of the 
Central Troodos type I serpentines. 
Miocene Idaters 
Miocene rocks are separated from Troodos pillow lavas by 
several hundred metres of chalks and mans (Robertson and Hudson, 
1974). At the time of their formation, the Troodos ultramafic rocks 
are inferred to have crystallised several kilometres below the pillow 
lavas (Fig. 2-2). Therefore, unless doming of the ultrabasic basement 
with erosion of large thic1oesses of overlying units brought the 
ultrabasic core of the Troodos complex close to the surface prior to 
the late Miocene, late Niocene meteoric waters or gypsum crystallisation 
waters would have to have penetrated a considerable thickness of rock 
before reaching the ultrabasic rocks to seroentinise them. Most of 
the Troodos uplift is considered to have occurred during and after 
the Early Miocene with the first extensive subaerial erosion in the 
Late Miocene (Robertson and Hudson, 1974), and the ultrabasic rock3 
first being eroded in the Pleistocene (above). Miocene waters are 
therefore considered to be unlikely sources for the Central Troodos 
type II serpentinisation fluids. 
Metamorphic or Mamatic 'laters 
In a gravity survey of Cyprus Gass and Masson-Smith (1963) 
demonstrated that a very high positive anomaly over the island was 
due to a thick zone of underlying dense ultramafic rocks. The 
serpentinised/... 
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serpentinised ultramaf ic core of the Troodos complex, however, showed 
a negative anomaly superimposed on the regional high. They proposed, 
as a solution to the gravity pattern, the existence of a conical core 
zone having a density 0.85 gms./cc. lower than the surrounding 
ultramafic rocks ("3.3 fçms./cc.). 
The zone was suggested to be "11 km. deep, 6.5 km. wide 
at the top and 19 km. wide at its base. Serpentinite densities of 
2.5 gms./cc. have been measured in the 'remobilised area', which 
suggests that the low density core zone is exposed at the surface 
(Allen, 1975). If Gass and ?lasson-Smith's (1963) low density core 
zone resulted from alteration of harzburgite ("-'3.3 gms./cc.) to 
serpentinite ("'2.5. gms./cc.) and the transformation was isochemical, 
this representd a volume increase of 46 which, if accomplished 
vertically, could produce uplift of "-'3700 metres (Allen, 1975). 
Uplift of the Troodos massif, estimated to have been 	3000 m. since 
the Cretaceous, could have been produced either by a volume increase 
during serpentinisation or resulted from isostatic readjustment 
caused by the diapiric emplacement of a serpentinite body having a 
lower density than the surrounding rocks (Gass and r1asson-Smith, 
1963; Allen, 1975). 
Gass (1977, in press) suggests that the Troodos massif 
may have been uplifted by. a serpentinite diapir rising from a subduction 
zone underlying Troodos. Insofar as the isotopic composition of 
metamorphic water derived from a subduction zone may be estimated 
(Appendix 8), Fig. 10-4, the isotopic compositions of the Central 
Troodos type II serpentines are consistent with formation from such 
waters at 100 to 200C. Margaritz and Taylor (1974) noted that the 
isotopic!... 
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isotopic compositions of waters in equilibrium with Central Troodos 
type II serpentines at '-'75-100C are similar to the isotopic 
composition of thermal (50-185C) waters of possible metamorphic 
origin described by White et al. (1973) from metasediments of the 
California Coast Ranges. Alternatively, the isotopic compositions of 
many of the Central Troodos type II serpentines are consistent with 
their formation at temperatures of'l00 to 200C from waters having 
isotopic compositions similar to primary magmatic waters, Fig. 10-4, 
but the presence of such waters in the Troodos crust at "'200C is 
considered unlikely. 
(c) Meteoric Waters - Central Troodos Calcite 
The Central Troodos type II lizardites and chrysotiles 
could have formed from meteoric waters if serpentinisation occurred 
at surface temperatures of about 10C (Fig. 10-4). 'De;reylites' - 
serpentine-like mineraloids having a crystallographic structure 
similar to, but less regular than, antigorite - have isotopic 
compositions (Fig. 10-2) and field relationships which suggest 
formation from meteoric waters at surface temperatures (Lapham, 1961; 
tenner and Taylor, 1974). Barnes and O'Neil (1969) have presented 
geochemical evidence to suggest that serpentinisation is a currently 
active process occurring during meteoric water, surface temperature, 
alteration of ultrabasic rocks in California. 'iihilst isotopic data 
for serpentines from these Californian serpentinised ultrabasic rocks 
have not been reported, carbon and oxygen isotope data for recent or 
currently forming calcites associated with the ultrabasic rocks have 
been presented by O'Neil and Barnes (1971). The calcites are 
particularly common as stream-bed cements. Barnes and O'Neil (1969, 
1971)!... 
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1971) suggest that they form at surface temperatures from mixing of 
meteoric water fluids: Mg2 - HCO
3 
 fluids derived from rock 
weathering, with Ca 2 - OFI fluids which are the product of iresent 
y serpentinisation. 
Calcite, Ca0 94 1g0 05 (CO3 ), occurs as the cementing matrix 
of gravel conglomerates in streams draining the Central Troodos 
ultrabasic complex; whilst the streams in which it occurs are not 
restricted to those draining the 'rernobilised area', it is particularly 
common in the eastern part of the Central Troodos ultrabasic complex 
(Allen, 1975). A sparry white calcite cementing cobbles of 
serpentinised dunite in the bed of a stream which flows over dunites 
and harzburgites on the north side of the Central Troodos ultrabasic 
l3 r complex sample T200B, Fig. 10-1) was isotopically analysed: o C = 
- 7.27..., &l8o = + 26.2%.. Its isotopic composition is quite distinct 
from calcites analysed from the pillow lavas and S.I.C. (Fig. 10-5). 
The calcite is in oxygen isotope erui1ibrium with the 
stream water (S18o' - sZ) at typical present day surface temperatures 
of about 10C (Fig. 10-5). Assuming that HCO 3 is the dominant carbon 
species in solution then the carbon isotope composition of HCO 3 in 
equilibrium with the calcite is g 13C = - 87... Carbon derived from 
atmospheric CO 2 has a similar isotopic composition and is considered 
to be the most likely source for the calcite carbon. Primary magmatic 
carbonate carbon is also a possible source, but the data suggest that 
seawater was not the source of carbon. 
The isotopic composition of the Central Troodos calcite 
and Troodos meteoric waters are similar to the isotopic compositions 
of the California calcites and meteoric waters of O'Neil and Barnes 
(1971).!... 
!i 
Carbon and oxygen isotope composition of calcites 
occurring as a cement to clasts of serpentinised dunite in a stream 
conglomerate, as veins in trondhjemite and as a late-stage vein in 
Upper Pub'., Lavas. The isotopic compositions of waters in 
equilibrium with the calcites are calculated for temperatures of 
0-100C assuming HCO 3 to be the dominant carbon species in 
solution (using fractionation data in Fig. 4-3b, and in Emrich et 
al., 1970; and Ohmoto, 1972). Fields for the isotopic compositions 
of U.P.L., L.P.L. and S.I.C. calcites from Fig. 5-4. The isotopic 
composition of seawater (s.w.) and the approximate isotopic 
composition of Cyprus meteoric waters (p80  values from Fig. 3-1, 
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1971). In addition, the field relationships of the calcites are 
broadly similar. The data for the Central Troodos calcite suggests, 
therefore, by analogy with the Californian caicites, that it may .  have 
formed from mixing of Ca2+ - OH waters, issuing from ultramafic 
rocks undergoing serpentinisation, with surface run-off. If the 
isotopic composition of this single calcite sample is characteristic 
of the calcite which is so common in the Central Troodos ultrabasic 
area, their presence may provide important evidence for 
serpentinisation being a currently active surface temperature process 
in this area. It is noted, however, that calcites with similar 
isotopic compositions to the Central Troodos calcite can also be 
produced from fluids which are probably not related to 
serpentinisation (section 10.6 ). 
Namonia 
The calculated isotopic composition of the riamonia 
serpentine waters, Fig. 10-4, suggest that they were not of seawater 
origin, although mixed seawater-magmatic waters or seawater-
metamorphic waters represent possible fluid sources for 
serpentinisation at "lOOC. Alternatively, the hydrogen isotope 
data in Figs. 10-3 and 10-4 indicate that the T4amonia serpentines 
could have formed from low altitude meteoric waters, whilst the 
oxygen isotope data suggest that, for serpentinisation at "lOOC, the 
meteoric waters must have become enriched in 180 by - 5Z. 
On the basis of isotopic data from a number of localities 
Wenner and Taylor (1974) have suggested that serpentinisation of 
'alpine' ultramaf Ic rocks, which have been intruded into sedimentary 




waters which have become 0-enriched through exchange with the 
country-rocks. The I4arnonia serpentines have isotopic compositions 
similar to serpentines from some 'alpine' ultramafic rocks (Fig. 10-2), 
and occur within Namonia nappes which also contain limestones and 
cherts. The Namonia limestones and cherts may be expected to be 
180-rich, and limestones are particularly favourable for oxygen 
isotope exchange. It is suggested, therefore, that the Mamonia 
serpentines formed from meteoric waters which had become 180-enriched 
through exchange with sedimentary rocks within the Mamonia nappes. 
This implies that, whilst the ultramafic rock3 within the Mamonia 
nappes may be genetically related to the Troodos complex (Robertson 
and Hudson, 1974), the Mamonia ultramafic rocks were serpentinised 
after their tectonic emplacement with the sedimentary rocks. 
Alternatively, whilst temperatures of ".-'lOOC are favoured for the 
lizardite/chrysotile formation (ñenner and Taylor, 1971, 1974), the 
Mamonia serpentines could have formed at low temperatures ('v30c, 
Fig. 10-4) from isotopically unmodified meteoric waters. 
10.5 Summary 
The hydrogen and oxygen isotope comnositions of lizardite/ 
chrysotile in serpentinised harzburgite, dunite and pyroxenite 
occurring away from the 'remobilised area' in the Central Troodos 
ultrabasic complex, and in serpentinised harzburgites occurring 
within the Mamonia nappes, suggest that serpentinisation occurred 
through alteration by fluids predominantly of meteoric water origin. 
There is no evidence for the involvement of seawater fluids, and 
unless temperatures were higher than".'150-200C, no evidence for 
the iniolvement of major components of magmatic or metamorphic waters. 
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Interpretation of the isotopic compositions of lizardite/ 
chrysotile in the heavily brecciated and serpentinised harzburgites 
of the 'remobilised area' is particularly dependent on knowledge of 
the temperatures of serpentinisation. Isotopic geothermometric 
measurements, of type performed by .lenner and Taylor (1971) on a few 
ophiolite and oceanic serpentine smiiples, are urgently required on 
these Central Troodos type II lizardites and chrysotiles. If 
serpentinisation occurred at surface temperatures (e.g."-'lOC) the 
data suggest that the lizardite and chrysotile of the 'remobilised 
area' formed from meteoric waters. Serpentine-H 20 hydrogen isotope 
fractionations are apparently relatively insensitive to temperature 
over the range "-'lO-lOOC (Fig. 4-4). The fact that Central Troodos 
type II lizardite/chrysotile has virtually identical D/H ratios to 
the meteoric water-formed Central Troodos type I lizardite/chrysotiles 
from similar altitudes (Fig. 10-3) can be explained, therefore, if the 
type II serpentines also formed from meteoric waters - but at lower 
temperatures. Indirect evidence from a Central Troodos calcite may 
suggest that some serpentinisation of Central Troodos ultramafic 
rocks is a present day, surface temperature phenomena. The calcite 
data, however, do not restrict this interpretation to ultramafic rock3 
of the 'remobilised area'. Alternatively, if the Central Troodos 
type II lizardite/chrysotile formed at "100-200C, the data suggest 
that their waters may have isotopic compositions similar to 
metamorphic waters from an underlying subduction zone. This 
interpretation would support the suggestion of Gass (1977, in press) 
that Central Troodos serpentinite was diapirically emplaced from an 
underlying subduction zone, and would account for the 180-rich type II 
serpentines/... 
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serpentines being, on the basis of present sampling, apparently 
restricted to rocks of the 'remobilised area'. Formation from 
metamorphic waters would, however, not necessarily account for, other 
than by possible coincidence, the virtually identical Dill ratios for 
type II and type I serperitiries. 
1hatever the origin of the Central Troodos type II 
lizardite/chrysotiles, their field relations, palaeomagnetic vectors 
and in particular their oxygen isotope compositions indicate that 
they formed from a different process, and possibly at a different 
time, compared with the Central Troodos type I serpentinisation. 
There is no isotopic evidence to suggest that the Cyprus serpentines 
in this study, from the Central Troodos ultrabasic, Namonia complex 
and possibly the Limassol Forest areas formed from seawater fluids. 
The single Akarnas peninsula lizardite/chrysotile sample analysed has 
a SD value within the range of values for oceanic lizardite/chrysotile3 
believed to have formed from fluids predominantly of seawater origin; 
it was collected, however, from within a few yards of the sea-shore 
and its isotopic composition is equally consistent with formation from 
low altitude, relatively D-enriched meteoric waters. 
The data from Cyprus indicate, therefore, in common with 
data for other ophiolite complexes (1enner and Taylor, 1973), that 
the presence of serpentine in the ultrabasic rocks of subaerially 
exposed sections of oceanic crust cannot itself be used to suggest 
that serpentinite forms part of the oceanic crust in the submarine 
environment. However, serpentinites are, in fact, known to occur in 
the submarine oceanic crust; they may be characteristic of faulted 
environments (Bonatti, 1976). It must be explained, therefore, why 
serpentines with isotopic compositions similar to serpentines 
recovered/... 
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recovered from dredge-hauls of the oceanic crust have not, so far, 
been reported from ophiolite complexes. It is possible that 
serpentinite is not volumetrically significant in most parts of the 
ultrabasic layers of the oceanic crust. Alternatively, oceanic 
serpentine formed in equilibrium with seawater may undergo i3otopic 
exchange with meteoric waters after the oceanic crust has been 
subaerially exposed. Wenner and Taylor (1974) have conducted 
exchange experiments in which lizardite (, 200 mesh) and chrysotile 
(150-200 mesh) showed 5 and 2 1'o hydrogen isotope exchange respectively 
at 100C after 6 weeks, with chrysotile ( >200 mesh) and chrysotile 
(150-200 mesh) showing 18 and 14% hydrogen exchange respectively at 
185C after 8 weeks. Much slower rates may be expected for oxygen 
exchange (Wenner and Taylor, 1974). The results of such exchange 
experiments are difficult to apply to geologic situations. If 
lizardite/chrysotile was subjected to high temperature water for 
several hundreds or thousands of years extensive hydrogen exchange 
may be expected. There is, however, some evidence to suggest that 
serpentines commonly preserve their original isotopic compositions 
(w'enner and Taylor, 1974). Since it is primarily the D/H ratios of 
Central Troodos type I serpentines which distinguish them from 
oceanic serpentines (Fig. 10-4), the possibility that the type I 
serpentines were originally of oceanic origin but later underwent 
extensive hydrogen exchange with meteoric waters cannot be discounted. 
The Central Troodos type II serpentines, however, have very different 
180/160 ratios to oceanic serpentines (Fig. 10-4), which suggests 
that they are most unlikely to represent oceanic serpentines which 
have undergone subsequent exchange. 
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MISCELLANEOUS CALCITES 
10.6 Vein Calcite in Trondhjemite 
A small outcrop of trondhjemite occurring within the 
upper S.I.C., is cut by veins of calcite (sample 49, Fig. io-i). 
Calcite also occurs in the groundmass. The isotopic composition of 
the vein calcite is o C = - 8.39 o
18 
 0 = 26.3t, and is very 
similar to the Central Troodos stream cement calcite, Fig. 10-5. 
The data for the trondhjemite vein calcite are similarly interpreted, 
and suggest formation from circulating meteoric waters, with the 
carbon being derived from atmosphere CO 2 , at surface temperatures 
('-1OC, Fig. 10-5). Higher temperatures are considered unlikely as 
they would require a significant 180-enrichment of the waters away 
from the meteoric water line. This vein carbonate, which might 
ieadily be interpreted to be of hydrothermal origin, is in fact of 
late stage low-temperature origin. 
The isotopic data and field occurrence of the Central 
Troodos stream cement calcite (Section 10.4) suggest that it may have 
formed from mixing of meteoric water surface run-off fluids with 
Ca2 - 0H fluids issuing from ultrabasic rocks undergoing 
serpentinisation. However, whilst the trondhjemite vein calcite has 
an almost identical isotopic composition to the Central Troodos 
calcite, there are no ultrabasic rocks within the vicinity of the 
trondhjemite outcrop from which Ca 2+ - OH -  fluids could have been 
derived through serpentinisation. Barnes and O'Neil (1969, 1971) in 
their study of Californian carbonates noted that, whilst recent 
calcites were particularly commonly .associated with ultrabasic rocks, 
recent calcite had also formed in plutonic rock outcrops away from 
areas/... 
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areas of ultrabasic rocks. They suggested that the plutonic rock 
calcites formed from mixing of meteoric water surface run-off fluids 
with Ca2 - HCO 3 meteoric waters. A similar origin may be proposed 
for the trondhjemite vein calcite. 
10.7 Post-U.P.L. Vein Calcit 
At locality 10 (Fig. 10-1) an U.P.L. outcrop is cut, at 
intervals of about 5-10 metres, by near-vertical red-brown earthy 
calcite veins (-'-'1-8 cm. wide). Umber deposits are common close to 
locality 10, which is probably very close to the top of the U.P.L. 
Calcite from one of the veins (sample 10-1) yielded S13C = - 2.6Z, 
180 = + 30.1 	(Fig. 10-5). Whilst having a similar oxygen isotope 
composition, this sample is depleted in 13C by about 3 to 5 %0compared 
to other pillow lava calcites, including an interpillow cavity 
calcite from the same outcrop (sample 10-2, Fig. 5_4) which is cut by 
a vein similar to sample 10-1. 
The calculated isotopic composition of fluids in 
equilibrium with this 'late' vein calcite are shown in Figure 10-5, 
assuming HCO3 to be the dominant carbon species in the fluid. The 
data suggest that, unless fluid pFI was particularly high (e.g. a 
C032 rich fluid), the calcite did not form from seawater of a normal 
carbon isotope composition in the manner suggested for other pillow 
lava calcites (Section 5.4); a source of low 13e carbon is required. 
The U.P.L. are stratigraphically overlain by several 
hundred metres of chalks and marle, and chalk talc.s. is particularly 
common close to locality 10. The isotopic composition of the chalks 
t'l3 is not known, they may have 'normal' o C values ii.e. close to 0, 
or be slightly 13C depleted (cf. Mediterranean Miocene calcite with 
l3C/... 
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as low as - 6.7; Fontes et al., 1973). It has been 
demonstrated that when carbonate rocks are dissolved by fluids 
containing isotopically light carbon, derived from atmospheric CO 2 
or from organic sources (in soils, sediments, etc.), subsequently 
deposited calcie may be several per mu 	 13 lighter in C than the 
carbonate source rocks (Gross, 1964; Hendy, 1971; Hudson, 1975). 
The field and isotopic data for these 'late' vein 
calcites in an U.P.L. outcrop are consistent, therefore, with their 
formation from fluids which had percolated through overlying 
carbonate rocks, either in the recent subaerial environment or during 
carbonate diagenesis in the submarine environment, with deposition 
of calcite in fractures in the underlying U.P.L. The reddish 
colour of the calcite might be a result of the fluids having 
interacted with Fe-Mn rich umber sediments. Robertson (personal 
communication, 1976) suggests that calcite caliche deposits in other 
parts of Cyprus formed from carbonate taltis solution-redeposition 
in recent times. Folk and Macbride (1976) have suggested that 
carbonate (sometimes pink) in ophicalcite associated with the 
Ligurian ophiolite complex may have formed as a caliche during 
subaerial pedogenesis. 
CHAPTER 11 
coic LUSIONS - GENE RAr MODEL 
11.1 Introduction 
In this chapter the results of the combined isotopic, 
mineralogical and chemical studies of the previous chapters are 
summarised in the form of a general model for the suboceanic 
hydrothermal metamorphism and rnineralisation, and later subaerial 
alteration of the Troodos complex. It is appreciated that the 
Troodos complex is not necessarily completely representative of the 
oceanic crust in general. Robertson (personal communication, 1976) 
has emphasised from sedimentological evidence, that the section of 
oceanic crust now exposed as the Troodos complex may have formed quite 
close to a continental margin. The suggestion in Section 7.3 that 
montmorillonite in umber sediments, formed very soon after U.P.L. 
volcanism, is of subaerial origin is consistent with such an 
environment. Nevertheless, the broad similarity among the chemistry, 
metamorphic mineralogy and isotopic properties of Troodos with other 
ophiolite complexes and with oceanic dredge and drill-core samples 
suggest that the processes described belo•i are major and widespread. 
The general model for Troodos may equally well apply to other ophiolite 
complexes, and much of it may apply to the igneous oceanic crust. 
11.2 Seawater Circulation 
The Troodos igneous complex developed at an active 
spreading centre in the suboceanic environment. Interpillow cavity 
space!... 
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space in the pillow lavcis, cooling contraction of the underlying rocks, 
and tectonic rifting in particular produced high permeabilities in 
the newly formed rocks soon after solidification. The high 
permeabilities and the large geothermal gradient (probably > l3OC/kin., 
since this is the calculated gradient during metamorphism) resulted 
in the influx of large amounts of seawater. Subsequent to the 
emplacement of at least the lower pillow lavas and Sheeted Intrusive 
Complex (and possibly some of the trondhjemites and gabbros) large-
scale convective circulation of seawater was established through the 
3-5 km. of these upper oceanic layers, Fig. 11-1. The L.P.L. and 
S.I.C. mineral assemblages were hydrothermally altered by the seawater 
fluids with metamorphism to zeolite and upper greenschist fades 
assemblages. 
By analogy with active geothermal systems (Elder, 1965) 
downward migration of seawater into the hot oceanic basalts occurred 
over a large area,' whilst upward discharge was localised, Fig. 11-1. 
Most of the seawater penetrated the crust through fracture zones. 
The massive sulphide deposits formed in basins (probably tectonically 
controlled) at the pillow lava-seawater interface, their underlying 
stockwork zones of altered and fractured pillow basalts representing 
the localised discharge zones of the upward moving, chemically modified, 
seawater-hydrothermal solutions, Fig. 11-1. 
11.3 Temperatures and Jater/Rock Ratios 
During downward flow of the seawater brines they became 
progressively hotter. The pervasive zeolite fades metamorphism of 
the L.P.L. occurred at approximately 0-250C and the greenschist fades 
metamorphism, dominantly of the S.I.C., at temperatures of about 250 
to/... 
Fig. 11-1 
Diagrammatic model for seawater circulation through 
the Troodo3 crust leading to metamorphism (F = facies) and 
development of sulphide orebodies. W/R = water/rock ratios, by 
weight, for pervasive alteration; ratios are locally much higher 
in vein—fracture zones. 300C isotherm illustrates thermal 
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to 450-550C. Isotopic and preliminary fluid inclusion thermome try 
indicate that temperatures were at least 300C during alteration of 
the pillow lavas in the stockwork zones, and therefore significantly 
higher than temperatures in the surrounding, dominantly zeolite 
facies, country rocks. In the epidote veins, which occur throughout 
the greenschist facies from the upper S.I.C. down to the upper 
gabbros, isotopic and preliminary fluid inclusion thermometry 
indicate that temperatures were at least 320 to 400C. Average 
geothermal gradients in the L.P.L. and S.I.C. were probably at least 
100 to 150C/km., whilst in the stockwork zones gradients must have 
been much higher and increased as the seawater-pillow lava interface 
was approached. 
During regional metamorphism water/rock ratios were high 
in the pillow lavas (>i, by weight), whilst the minimum or integrated 
water/rock ratios were relatively low in the underlying greenschist 
facies rocks (>0.1, by weight). Data for the epidote vein-vein halo 
assemblages and the stockwork assemblages indicate that water/rock 
ratios were very large along these fractured Z0fl03 ( > 1-5, by weight). 
The circulation of most of the seawater through the crust must have 
been fracture controlled. 
11.4 Plutonic Rocks 
Whilst some of the Troodos gabbros and trondhjemites were 
probably emplaced during the formation of the S.I.C. and L.P.L., later 
gabbros and trondhjemites may have been intruded some distance away 
from the oceanic spreading centre (Smewing et al, 1975; Allen, 1975). 
These later intrusions probably caused, at least locally, contact 
metamorphism of earlier roof-rocks (Section 2.7). Therefore, during 
initiation/... 
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initiation of the seawater-hydrothermal convection in the upper layers 
of the crust it is probable that some of the underlying gabbro plutons 
were still undergoing magmatic differentiation and development of their 
cumulate layering. The upper parts of the magma chambers could be 
modified by interaction with their roof-rocks, particularly because 
the3e were undergoing hydration and chemical modification through 
reaction with the circulating seawater-hydrothermal solutions. Melting 
or assimilation and exchange processes could occur, which could both 
chemically and isotopically modify the upper parts of the plutons. 
Coleman and Peterman (1975) and H.P. Taylor Jr. (personal 
communication to S.M.F. Sheppard, 1976) have emphasised that 
trondhjemites or 'oceanic plagiogranites' from ophiolite complexes are 
enriched in sodium and depleted in potassium relative to what are 
considered to be equivalent rocks from spreading centres that 
developed in a non suboceanic environment with fluids of meteoric 
origin, such as Iceland and Jabal Turf, Saudi Arabia. The chemical 
compositions of the hydrothermal solutions - seawater versus meteoric 
water - that have modified the roof-rocks could play a critical role 
in the genesis of soda-trondhjemites relative to potassic granites 
and rhyolites. The granophyric textures of the trondhjemites suggest 
that their magmas may have been saturated in volatiles during 
crystallisation (Barker, 1970); such a process could generate 
hydraulic fracturing in the overlying rocks. 
When the upper layers of the gabbros had cooled sufficiently 
to support fractures seawater-hydrothermal solutions penetrated 
directly to these depths with the development of epidote veins. 
Regional upper greenschist to lower amphibolite facies metamorphic 
assemblages/... 
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assemblages developed away from the veins. It appears that seawater 
fluids did not penetrate to the deepest, cumulate-layered parts of 
, the gabbros where the rocks are petrographically fresh. 18 0/ 16  0 
ratios for the few 'fresh' rocks analysed (Section 4.4) and 87  Sr/86  Sr 
ratios (Coleman and Peterman, 1975; Chapman et al., 1975) are close 
to the values for isotopically fresh gabbros. It may be that the 
cumulate-layered parts of the gabbros did not solidify and cool 
sufficiently to allow fracturing for some time after the overlying 
rocks had fractured, by which time seawater circulation in the 
overlying rocks may have largely ceased. Alternatively, the higher 
lithostatic pressure in the deepest parts of the gabbros may have 
caused subsolidus creep rates to exceed tectonic and cooling-
contraction tension rates, such that open fractures were not 
sustained. 
11.5 Nagmatic Waters 
If primary magmatic waters were present, for example 
during the crystallisation of the gabbros or the development of 
amphibolite facies metamorphism, then their presence was overwhelmed 
by the influx of the seawater convective system. However, it is 
possible that water, of seawater origin, was introduced into the 
magmas during assimilation or exchange with seawater-metamorphosed 
hydrous roof-rocks. The S.I.C. have SD values typically in the range 
- 40 to - 50. '1ater of this composition introduced into the gabbro 
magmas by assimilation or exchange with the S.I.C. would be isotopically 
indistinguishable from primary magrnatic water, even though it was 
ultimately of seawater origin. The water is magmatic in the sense 
that it equilibrated with the magma system, and might be termed 
seawater!... 
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seawater-magmatic water to distinguish it from primary magmatic water. 
It has been noted (Section 5.1) that if isotopic equilibration 
temperatures in the gabbros were higher than 500YC, for example during 
hornblende formation, then a more deuterium depleted component than 
seawater has to be inferred; this could be primary magmatic water, 
metamorphic water, or seawater-magrnatiC water. 
11.6 CupriferousSuiphide Orebodies 
The development of the Troodos cupriferous massive suiphide 
orebodies are an important facet of the seawater-hydrothermal system. 
The isotopic compositions of the stockwork fluids demonstrate that 
very large amounts of heated seawater passed through these zones. 
Because the temperatures of the fluids in the stockworks were initially 
at least 300C the fluids must have earlier passed through rocks 
where temperatures were higher than 300C. Such temperatures on a 
regional scale are found at depths of 2-3 km. Therefore, the greater 
part of the stóck'work fluids must have had a deep crustal history, 
where they became strongly chemically modified. Base metals, and 
possibly some of the sulphur, were leached from the rocks, whilst some 
(or possibly all) of the sulphur was ultimately of seawater origin. 
Whilst the stockwork fluids were dominantly of a single, seawater 
origin they may have followed different 'paths' through the crust 
(Fig. 11-1) and have had different chemical histories. 
The factors responsible for the specific location of the 
stockwork discharge zones are not yet known. Underlying thermal 
anomalies (e.g. a pluton intruded later than, or to a higher level 
than surrounding pluton), specific fracture zone patterns resulting 
from ocean ridge tectonics, or geometrical constraints imposed by the 
preferred!... 
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preferred dimensions of seawater convection cells may have been 
responsible. Lister (1972) suggests that upward movement of seawater 
may be favoured below topographic 'highs' on the seafloor. The 
stockworks represent zones where hot, chemically modified seawater 
fluids passed through an environment containing large volumes of cool 
relatively unmodified seawater. These zones were characterised by 
sharp chemical, and particularly thermal gradients, which played a 
major part in the deposition of the ore metals. Cooling of the fluids 
allowed them to form stable pools on the seafloor where the massive 
sulphide ores formed. 
11.7 Changes in Seawater Chernistry_ 
During the seawater-hydrothermal alteration of the Troodos 
rocks major changes occurred in their chemical and isotopic 
characteristics. In turn, there must have been equivalent chemical 
and isotopic changes in the seawater fluids. The magnitude of these 
changes, and in particular the large amount of seawater involved, 
indicates that the process of oceanic crust alteration plays a major 
part in determining the chemistry of the world's ocean waters. The 
process could also potentially have influenced the isotopic composition 
of the oceans in the past, although the present rate of change in the 
hydrogen and oxygen isotope composition of ocean water through seawater 
alteration of the igneous oceanic crust may be quite small. 
11.8 'ñaning of the Major Seawater Convective System 
During spreading of the crust away from the axis major 
cooling of the crust occurred through convective heat transfer. This 
was accompanied by deposition of minerals in fractures and cavities. 
If!... 
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If the intensity of tectonic fracturing also decreased then 
permeabilities were reduced which, together with cooling of the 
underlying heat source, caused the convective circulation of seawater 
to decline. Evidence for this waning stage may be indicated by the 
stockwork vein quartz data which suggest isotopic temperatures of 
180 to 220C subsequent to the higher tenperature (-3Ooc) stockwork 
basalt alteration stage, and also possibly by the upper S.I.C. 
calcite (-.iOcYC) and pillow lava calcite ("-15c) and quartz ('.2Oc) 
data. Retrograde alteration of hornblende to actinolite in the 
gabbros may also have occurred at this stage. Subsequent to their 
formation the uppermost parts of the massive sulphide orebodies were 
oxidised by seawater, probably at normal seafloor temperatures. This 
led to the development of conglomeratic textures in the upper parts 
of the massive ore through solution and removal of suiphide. 
11.9 U.P.L. Volcanism and Umber Formation 
Subsequent to the metamorphism and mineralisation of the 
L.P.L., S.I.C. and at least some of the plutonic rocks the upper 
pillow lavas were formed and were also hydrothermally metamorphosed 
up to zeolite facies grade (Gass and Smewing, 1973, suggest 
temperatures of about 0 to iooc). Evidence for the localised 
discharge of seawater-hydrothermal fluids which circulated through the 
U.P.L. is suggested by the presence of possible hydrothermal channel-
ways beneath Fe-Mn-rich umber deposits (Robertson, 1975). Isotopic 
data for the umber sediments from depressions on the U.P.L. surface 
suggest formation in equilibrium with seawater at normal seafloor 
temperatures, although the fluids in the channeiways beneath these 
deposits may have had higher temperatures. Smectite in the clays of 
at/... 
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at least one umber deposit appears to be of detrital, subaerial origin. 
1hilst circulation and localised discharge of seawater-
hydrothermal fluids appears to have occurred during both L.P.L.-
S.I.C. metamorphism and the later U.P.L. metamorphism, the end 
products (massive suiphide deposits versus umbers) are different. The 
combination of deep penetration of much of the seawater into the S.I.C. 
and below, the attainment of relatively high temperatures (>300C) 
and discharge of the chemically modified metal-bearing fluids into 
basins where redox conditions were lower than in open seawater may 
have been critical factors necessary for the formation of massive 
sulphide deposits. In contrast, seawater fluid circulation largely 
restricted to the U.P.L., without the attainment of such high 
temperatures and with less chemical modification probably resulted in 
the formation of umber deposits. 
11.10 Uplift and Serpentinisation 
The mechanism by which the Troodos complex was uplifted 
is not certain. Isotopic data for the serpentines from the heavily 
sheared, brecciated and serpentinised part of the ultrabasic core of 
the Troodos complex are consistent with formation from metamorphic 
waters derived from a subduction zone beneath the Troodos crust at 
temperatures of perhaps 100-200C. Such a process would be consistent 
with the suggestion that the Troodos complex was uplifted by the 
intrusion of a diapir of serpentinite from an underlying subduction 
zone (Gass, 1977 in press). Alternatively however, the isotopic data 
for these heavily serpentinised rocks are also consistent with 
serpentinisation by meteoric waters at surface temperatures. 
Meteoric waters were responsible for serpentinisation of 
the!... 
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the less heavily serpentinised dunites, harzburgites and pyroxenites 
of the western part of the ultrabasic complex, probably at temperatures 
of 50 to 100C or more. Ultrabasic rocks within the Matnonia nappes, 
which were obducted during the rlaastrichtian, were probably 
serpentinised by meteoric waters which had undergone exchange with 
180-rich rocks within the napPes. 
APPEUDIX 1 
SMIPLE DESC RI PTI ONS 
TAJ3LE A-i a 
Samp1s listed are those analysed isotopically. All 
samples collected as part of this study during i4arch/Apri1 1973,with 
the exception of samples marked: AR, donated by A.H.F. Robertson; 
Sk 1/4, 2/4, 1112, i:s 3/109, 3/113, Li Q, from G.Constantinou; Cy 
from J.R.Cann; T-, CLF-7, from C...1"I1len; 1<3-1, from K.Simonian; 
and R-34, from I.Gass. Borehole samples 40/ and 121 were provided 
by the Cyprus eologica1 survey, boreh.1e sanples 74/ by the manage-
ment of Skouriotissa iine. 
Initial descriptions refer to the outcrop lOcality. 
Outcrop coordinates are given as two sets of five figures, the first 
set for longitude east and the second set for latitude north; in 
each set the first two figures are in degrees, the second two figures 
in minutes and the last figure in tenths of one minute. Description 
after the word 'Sample' refers to the hand specimen. 
Abbreviations: act. = actinolite, chl. = chlorite, gms. = 
groundmass, hnbd. = hornblende, isot. = isotropic, 01. = olivine, 
plag. = plagioclase, phen. = phenocryst, px. = pyroxene, qz. = quartz. 
Lizardite/crysotile refers to the sample being either lizardite or 
crysotile. i1ine stockwork sample numbers: Ko. = Kokkinoyia, Li = Limni, 
Mat = tiathiati, Ils = Iviousoulos. Vesicle dimensions refer to average 
diameter of perfectly round vesicles; crystal dimensions are for the 
longest dimension. 
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tJNB!RS AND OCF[RES 
Samples supplied by Dr. A.H.F. Robertson, chemical and 
mineralogical data from Robertson (1976, and personal communication). 
Per cent values refer to Fe, Mn and Al respectively. 
AR 303 Mathiati ochre. 	35.7%, 1.9%, 	1.8%. 
Sample. 	Brown, finely laminated. 
AR 314 Skouriotissa ochre. 	35.1%, 0.48%, 1.2". 
Sample. 	Bedded, orange. 
AR 331 Skouriotissa umber. 	23.4%, 3.5%, 8.1%. 
Sample. 	Pale brown. 
AR 334 Skouriotissa umber. 	27.5v, 12.1%, 3.8% (values inferred 
same as adjacent sample 335 in Robertson, 1976). 
Sample. 	Dark brown. 
AR 348 Skouriotissa clay band in uinbers. 	8%, 1.5%, 20% (not 
analysed in detail). 
Sample. 	Light brown-cream, bedded, smectite-rich. 
AR 349 Skouriotissa clay band in umbers. 	8%, 1.5%, 20,.(not 
analysed in detail). 
Sample. 	White-light cream, bedded, palygorskite-rich. 
AR 703 Drafia basal umber. 	35.5%, 0.05%, 6 .0%. 
Sample. 	Dark brown earthy patches in black groundmass. 
AR 709 Drafia 'typical' umber. 	38.5%, 2.5%, 5.9%. 
Sample. 	Medium brown. 
U.P.L. 
AR 435 	'Leached' pillow lava from Kambia. 
Sample. Brown, soft, finely grained. 
L.P.L. 
AR 409 	'Leached' pillow lava from Ayia Marina. 
Sample. Pale grey, very soft with a few px. phen. 
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UPPER PILLOV LAVAS (u.P.L.) 
3-3 	3311.4, 3502.4. Very top of U.P.L. Directly overlain by 
limestone conglomerate. 
Sample. Medium grey, fine grained. 192of ol. phen. 
pseudomorphed by calcite (X.R.D.), 7% cpx. phen., 36% isot. 
grns., 38% calcite gms. 
10-1 	3254.8, 3451.0. Pillows up to 0.6 rn. diameter, surrounded 
by thick black glassy rim. Outcrop cut by calcite veins. 
Sample. Soft red earthy vertical calcite (x.R.D.) vein, 
approx. 4 cm. wide. 
10-2 	As 10-1. 
Sample. Hard, medium brown, crystalline calcite (x.R.D.), 
occurring as inter-pillow cavity. 
10-5 	As 10-1. 
Sample. Dark grey, fine grained, hard basalt pillow. 
Px. phen., ol. phen. replaced by serpentine veins with 
magnetite. Vesicles rare (0.5 mm.). 
29-2 	3310.7, 3502.1. Very base of U.P.L. 
Sample. Medium grey, fine grathed. Augite phen., 
carbonate, plag. microlites, isot. gras. 
37 	 3229.2, 3501.6. 
Sample. Black friable picrite. 01., px., heavily 
serpent inised. 
61-2 	3246.7 2 3509.1. Pillow lavas and sinuous sheets, cut by 
dyke. 
Sample. Medium grey, fine grained dyke. 10% ol. phen. 
pseudomorphed by calcite (x.R.D.), 30% augite phen., 
53% plag. rnicrolites and Isot. gras., 6% magnetite. 
40/202 	3327.4, 3453.6. Borehole sited on U.P.L. No trace of 
mineralisation. / number refers to depth in feet from 
surface. 
Sample. Medium grey, fine grained. Diopside phen., plag. 
microlites, dark isot. gins. 
Sk 1/4 	Sk. pit. Separated by fault from ore, approx. 120 m. from 
massive ore. 
Sample. Medium grey, fine grained. 15% plag. microlites, 
brown isot. gins. No opaques. Vesicles rare. 
5k 2/4 	Close to 1/4. 
Sample. Medium grey, soft. 5% relict phen., brown-grey 
isot. gins. Rusty vesicles (1-2 mm.). 
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Ms 30 	Unmineralisecl lavas approx. 10 m. from faulted contact 
- with stockwork. 
Sample. Medium grey. Isot. gms., cut by rare thin qz. 
veins. 
Ko 5 	Unmineralised lavas approx. 5 m. from clay-rich fault s 
Sample. Medium grey, soft, fine grained. 
LOWER PThLOV JJAVAS (L.P.L.) 
66 	 3246.7, 3509.0. Pillow lavas. Thick glassy rims with 
numerous zeolite-filled vesicles. 
Sample. 5 cm. in from pillow rim, vesicles rare. 
67-1 	3246.7 9 3508.9. Pillow lavas. 
Sample. Glassy pillow rim, approx. 1 cm. thick. No 
vesicles. 
67-4 	As 67-1. 
Sample. 5 cm. in from rim of 67-1. Medium grey, fine 
grained. 30% plag. and px. phen. and microlites, 
light brown isot. gms., rare carbonate, vesicles 
(approx. 0.2 mm.). 
92 	 3254.7, 3503.0. Very base of L.P.L. 1 m. diam. 
pillows cut by vertical dykes. Numerous quartz and 
zeolite filled vesicles up to 4 cm. 
Sample. Qiartz from 2 cm. vesicie. 
95-1 3302.9, 3501.5. 	On map area marked as "glassy 
agglomerate vent", no outcrop. 	Fields contain numerous 
blocks of dark brown glassy basalt with thick chalcedonic 
veins and lenses of quartz. 
Sample. 	Milky chalcedonic quartz vein approx. 3 cm. wide 
cutting glassy basalt. 
40/258 As 40/202. 	Very close to top of L.P.L. 
Sample. 	Medium grey, fine grained., hard. 	36% diopside 
phen. and plag. microlites, brown isot. gms., magnetite. 
Vesicles (0.25 men.). 
40/362 As 40/202. 
Sample. 	Hyaloclastite with calcite (x.R.D.) veins. 
40/532 As 40/202. 
Sample. 	Fine grained vesicular, with celadonite staining. 
Piag. microlites, brown isot. gms., round vesicles 
(0.25 mm.). 
40/652 As 40/202. 
Sample. 	Medium grey, fine grained, hard. 	39% px. phen. 
and plag. microlites, magnetite, isot. gms. 	Vesicles 
lined, with celadonite (approx. 0.3 mm.). 
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Ms 21 	Level 123, 51709 2356 (mine co-ordinates). 
Sample. Pyrite with gins, of intimately mixed chi. and 
qz., no illite (X.R.D.). Veins containing from wall 
inwards: milky mamillary qz., coarse crystalline qz., 
pyrite. 
Ms 25 	Level 123, 5120, 2364. Dark green, fine grained, hard 
mineralised basalts net-veined with qz. and sulphide. 
Approx. 10 in. below base of massive ore. 
Sample. Mamillary finely crystalline qz. vein. 
Ms 31 	Level 123, 5170,  2359. Approx. 20 m. below base of 
massive ore. 
Sample. Medium green, fine grained, soft basalt with 
6% pyrite, 45% qz. intergrown with 495 clii., no illite 
(X.R.D.). Rare thin qz. veins. 
Ms 3/109 	Level 125, 5120, 23598. Approx. 8 m. below base of 
massive ore. 
Sample. Grey-green, fine grained basalt. Qz., chi., 
and pyrite. Transected by mamillary finely crystalline 
qz. veins. 
Ms 3/113 	Sample. As 3/109. 
Ko 1 	Small faulted stockwork zone, separated from massive ore. 
Sample. Light green, fine grained, soft. Qz. and clii. 
gins., finely disseminated pyrite. Vesiclos (up to 0.5 cm.) 
with qz. and pyrite. 
1Co2 	AsKol. 
Sample. Sugary coarse qz. gins., no clii. (x.R.D.). 
Pyrite disseminated and as massive veins. Veinlets and 
lenses of sulphide free jasper. 
Mat 6 	Approx. 10 in. below base of massive ore, just below 
zone B. 
Sample. Mineralised basalt with large coarsely 
crystalline qz. veins. 
Mat 7 	Approx. 20 in. below base of massive ore. 
Sample. Qz. and chl. gms. with pyrite. Small (1 cm.) 
round patches of clay with suiphide. Sulphide free 
jasper veins, cut by qz. and sulphide veins. 
Li 3 	Sample. Gms. of 48% qz. and 52% clii., pyrite, no illite 
(X.R.D.). Jasper in rounded sulphide free patches. 
Crystalline quartz veins with pyrite and chalcopyrite. 
Li Q 	Sample. Qz., clii. and pyrite. Coarse crystalline qz. 
veins. 
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Bk 11/2 Sample. 	Medium green, fine grained, hard. 	Qz. and clii. 
gms., no suiphide, qz. veins. 
74/1425 Skouriotissa borehole. 	When post minoralisation 
faulting is taken into account, inferred to be approx. 
340 m. below base of massive ore. 
Sample. 	Gms. of qz., cloudy plag., and clii. 	Very 
finely disseminated pyrite. 	Granular aggregates of 
epidote, and epidote in vesicles and large lenses with 
qz. and ? haematite. 
74/1475 As 74/1425. 	Approx. 360 m. below base of massive ore. 
Sample. 	Gms. of qz., clii., and very finely 
disseminated magaetite. 	Large vesicies with qz., 
epid., and ? haematite. 
12/266 3309.5 1 3459.7. 	Borehole sited on stockwork type ore 
prospect in upper S.I.C. 	/ number refers to depth 
below surface in feet. 
Sample. 	50-60% sulphide. 	Qzo and chie gms., with 
areas of clear qz. 
12/624 As 12/266. 
Sample. 	Medium green, fine grained, hard. 	Grim, of 
40% qz. and 60% chi. with rare disseminated epiclote 
(pseudocnorphing plag. in places), and rare very 
finely disseminated pyrite. 	Patchy zones containing 
more abundant pyrite. 	No illite (X.R.D.). 
12/665 As 12/266. 
Sample. 	Medium green, hard. 	Qz. and clii. gms. with 
disseminated pyrite and rare disseminated epidote. 
Vesicles lined with qz. and filled with epidote, and 
less commonly vesioles lined with quartz and filled 
with clay and pyrite. 
UPPER SH1'ED INTRUSIVE C0?APLEX (Basal Group) 
5 	 3307. 8 9 3458.6. Sheets 1-1.5 metres thick. Pillows 
rare. 
Sample. Medium grey-green, fine grained. 40% plag. 
microlites 25% numerous small rounded. areas 
(vesicles?5 of qz., 25% interstitial cli].. and rare 
act., 10% disseminated magaetite altering to ? limonite. 
Rare pyrite, rare carbonate. 
23 	3325. 8 , 3456.9. 
Sample. Medium grey, fine grained, hard. Ragged 
slightly turbid plag. phen., skeletal px., large plates 
of interstitial clii., rnagaetite, minor qz., rare 
carbonate. Two thin (0.1 mm.) persistent pyrite bearing 
veins. 
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24 	3325. 8 1 3456.9. Intensely shattered and brecciated 
outcrop, heavily epidotised. 
Sample. Medium green, fine grained basalt. Felsio-
epidote mixture with rure epidote suns. 
32 	3304.6 1 3502.0. S.I.C.-L.P.L. transformation, in 
greenschist facies. 
Sample. Light grey, fine grained., soft. Gms. of plag. 
and chi., vesicles containing epidote surrounded by 
chi., qz. and pyrite, net veining of qz. and oxidised 
pyrite. 
68 	3238.4, 3510.4. Numerous 1 m. diameter pillows, with 
very rare vertical sheets. Very top of S.i.C., (or 
base of L.P.L.). 
Sample. 20 cm. interpil].ow cavity filling with 
concentrically banded epidote and jasper, and calcite 
(x.R.D.). 
69 	As68. 
Sample. Hard pillow. Fine grained qz.-plag.-chl. gins. 
Vesicles with qz., and some with epidote (epidote 2% 
total sample). 
70 	As68. 
Sample. Pillow. 41% plag. microlites, 32% cli].. as 
vesicle lining and in gmse, ii% qz. infilhing vesicles, 
10% magnetite. Vesicles irregular, up to 2 mm. diam. 
L0VER S}urhu INTRUSIVE CCPLEX (Diabase) 
16-3 	3254.19 3459.4. Very base of S.I.C. Vertical 1-2 m. 
sheets. Epidote in places along fracture plates. 
Sample. Relatively unfractured. sheet. 53% cloudy plag. 
phenocrysts, 13% large chlorite plates, 25% px. largely 
altered to chlorite, 4% qz.,  5% magnetite. 
33-1 	3304.29 3459.4. Sheets epidotised in veins, joint 
surfaces, and thin pods. Disseminated pyrite in 
fresher sheets. 
Sample. Adjacent to epidote vein. Rusty turbid epidote, 
rounded areas of qz., turbid interstitial chi. 
	
33-2 	As 33-1. 
Sample. Plag., interstitial chi. in places surrounding 
epidote aggregates, magnetite. Epidote with qz. along 
joint. 
34-2 	3304.3 1 3457.2. Gabbro-S.I.C. multiple intrusion 
boundary. 
Sample. 1 in. from chilled margin of gabbro dyke. 
Cloudy plag. laths, large amphibole phen. (hnbd. and 
act.), magiietite. 
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89 	3248.89 3457.9. Near—horizontal sheets very- close to 
trondhjemites. 
Sample. Epidote from an earthy joint.cavity. 
Cy 42 	3303.5, 3457.5. 
Sample. 48% plag. laths (0.5 mm.), 48% short prismatic 
green—brown amphibole (essentially act.) phen. (0.4 mm.), 
2% maietite (0.1 mm). 
Cy 67 	3249. 2 9 3502.4. 
Sample. Small plag. laths, green amphibole (approx. 
900% act., 10% hnbd.), small rounded areas of qz., 
magne tite. 
TRO}IDHJEMITES 
6 	 3305.0, 3454.6. Multiple intrusion trondhjernite and 
S.I.C. sheets. 
Sample. Light grey, medium grained. Thin phen. of 
amphibole altering to magnetite, gms. of plag. 
microlites and qz., magnetite altering to leucoxene. 
11-1 	3256.5, 3453.8. Very close to gabbros. Numerous 
qz.—epidote veins (5 cm.) with'bleached' halos. 
Sample. Epidote vein with qz. Surrounding rock (5 cm. 
from vein) has qz. and cloudy plag. gms. with epidote 
in veins and crystal cracks, occasionally magnetite 
with epidote. 
20-1 	3325.8, 3456.7. Qz. porphyry outcrop in S.I.C. 
Sample. Medium brown to light grey, fine grained. Qz. 
plus plag. gms., disseminated epidote clots surrounded 
by red iron oxide, epidote veins. 
49 	3310.9 1 3500.1. 'Tonalite' outcrop in S.I.C. Calcite 
veins. 
Sample. Intergrown qz. plus plag. ens. with graphic 
texture, ragged act. phen., very small amount of chi. 
interstitially and as alteration of amphibole, tnagnetite. 
Calcite in gms., and as 1 cm. veins throughout outcrop. 
Cy 92 	3304.5, 3454.6. 
Sample. Moderately- clear plag. phen. and plag. 
intergrowths with qz., small amphibole laths, magnetite 




7-1 	3301.2, 3454.2. Gabbro outcrop with some S.I.C. d.ykes. 
Epidote veins 0 cm.) approx. every 0.5 metres, less 
common in S.I.C. rocks. 
Sample. Epidote vein, with small amount of qz. 
7-3 	As 7-1. Act. common as clots of radiating crystals 
along linear zones surrounded by pale felsic rock. 
Sample. Act. lense. 
13 	 3256.2 9 3453.7. Gabbros of varying grain size, fine 
grained to peatitic. Amphibole lenses. 
Sample. 60% large clear twinned plag. phen., 40% large 
pale green amphibole (20% hnbd., 80% act.) crystals as 
aggregates and interstitial to plag. 
15-1 	3254.2 1 3459.2. Gabbros, pegmatitic in places. 
Sample. Plag. phen. with turbid cores and clear zoned 
rims (40% of total plag.), green amphibole (60% hnbd., 
40 act.), skeletal mageetite, ilmenite, leucoxene. 
15-2 	As 15-1. No epidote veins. 
Sample. Friable rock with disseminated epidote, 
amphibole (50%  hnbd., 50% act.), qz., and plag. 
35-2 	3301.7, 3455.9. Gabbros with later gabbro and S.I.C. 
dykes. Epidote veins parallel to &ykes. 
Sample. Epidotised clot In dyke. Gra
~eBsentially
hic qz., 
disseminated epidote, green amphibole 	act.). 
35-4 	As 35-2. Pegmatitic gabbro. 
Sample. Peginatitic gabbro within medium grained. gabbro. 
Plag., amphibole (20% hnbd., 80% act.), epidote in 
disseminated clots and as thin veins cutting 
amphibole phen., rare magiietite. 
45 	3251.9, 3454.3. Cumulate banded gabbro. 
Sample. Cumulate layers (1 cm.) rich in clear twinned 
plag., or in pyroxene. 
75 	3255.6 1 3457.3. Hard, medium grained gabbro. 
Sample. Clear rounded crystals, o% plag., 30% px., 
rare magnetite. 
79 	3255.5, 3456.7. Fresh gabbro, similar to 75, cut and 
intimately mixed with coarse grained feleic gabbro, in 
turn transected by sinuous dykes (0.5-1  m.) of light 
grey gabbro. 
Sample. Impersistent stringy pegmatitic veins within 
the coarse grained gabbro; containing graphically 
intergrown qz. and plag., and large amphibole phen. 
replacing pyroxene at contact of vein with coarse gabbro. 
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Cy 107 	3248.6, 3456.5. 
Sample. 60% clear twinned .plag. phen. (30% twinned 
cores, 70% clear zoned rims), 40% green amphibole (41% 
hnbd., 59% act.), minor magnetite. 
Cy 129 	3256.3, 3456.4. 
Sample. 70% large clear twinned plag. phen. 
(extinction angles suggest An7080 , 5-10% untwinned rims), 
30% green-brown irregular amphibole phen. (43% hnbd., 
57% act.). 
T 121 	3249.1, 3456.8. 
Sample. Poikilitic twinned clear plag. with zoned 
untwinned rims, large amphibole plates (9u hnbd., 10% 
act.), magnetite with ilmenite lamellae altering to 
leucoxene. 
SERPENTINISED ULTRABASICS 
Central Troodos type I 
1-3 	3251.8, 3455.9. 1900 m. altitude. 
Sample. Lizardite/chrysotile vein in harzburgite. 
18 	 3253.3, 3454.7. 1680 m. alt. 
Sample. Lizardite/chrysotile veins in chromite-rich 
dunite. 
85 	 3250.2, 3455.6. 1460 m. alt. 
Sample. Lizardite/chrysotile slickenside surface in 
fractured pyroxenite. 
Cy 157 	3249.8, 3454.6. 1400 m. alt. 
Sample. Disseminated serpentine in pyroxenite. 
Central Troodos type II 
42 	 3254.6, 3455.1. 1500 m. alt. 
Sample. Thick, fibrous serpentine vein in heavily 
sheared and brecciated harzburgite from close to the 
Asbestos mine. 
Limassol Forest 
KS-i 	3305.1, 3450.1. 490 m. alt. 
Sample. Disseminated lizardite/chrysotile in heavily 
serpentinised bastite-serpentinite. 
CLF-7 	Precise locality unknown. 





39-1 	3221.1, 3503.0. Sea level. Harzburgite in Akamas inlier 
('Baths of Aphroditet locality). 
Sample. Hard, bottle-green vitreous serpentine, 
predominantly antigorite, on fracture surface. 
39-2 	As 39-1. 
Sample. Cream-grey, soft, disseminated lizardite/ 
chrysotile in harzburgite. 
Mamonia Complex 
53 	 3224.2, 3450.8. 140 m. alt. 
Sample. Lizardite/chrysotile as fracture surface in 
heavily serpentinised harzburgite. 
AR 1250 	3310.0, 3440.0. 140 m. alt. 
Sample. Serpentine groundmass in heavily serpentinised 
porphyritic ultramafic. 
AR 1252 	3229.5, 3446.2. 230 in. alt. 
Sample. Serpentine groundmass in fine-ground ultramafic. 
T200B 	3252.9, 3458.1. Stream alluvium on harzburgite. 
Sample. Sparry calcite forming conglomerate with clasts 
of serpentinised dunite. 
WATERS 
1-1 	3251.9, 3455.9. Snow sample from 0.5 metre depth in 
drift on Mt. Olympus summit. 29th March, 1973. 
2 	 3249.8, 3458.0. Fast flowing stream. 29th March, 1973. 
4 	 3310.2, 3503.5. Slow flowing, near dry river bed. 
31st March, 1973. 
12 	 3256.2, 3453.7. Spring. 2nd April, 1973. 
98 	 3317.0, 3447.1. Slow flowing, near dry river bed. 
19th April, 1973. 
99 	 Seawater, from shore 18 km. west of Kyrenia. 
20th April, 1973. 
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TABLE A-lk 
Samples not isotopically analysed. 
STOCKWORKS 
Ms 27 Sample. 	Qz. and chi. gins. with finely disseminated pyrite. 
Veins contain from wall to centre of vein: 	pyrite, 
sphalerite and qz. 
Li 2 Sample. 	Qz. and chi. gins. with finely disseminated pyrite. 
Veins contain from wall to centre of vein: 	coarse 
crystalline qz., translucent brown-black sphalerite, 
finely crystalline chalcedonic qz. 
12/160 As 12/266. 
Sample. 	Fine grained gins. of chi., with qz. pseudomorphing 
plag. microlites with sub-parallel orientation. 	Granular 
aggregates of epidote with finely disseminated pyrite 
pseudomorph large plag. phenocrysts. 	Thin qz. veins 
parallel to gins. fabric. 
12/214 As 12/266. 
Sample. 	Gins, of qz. and chi. 	Thin, finely crystalline 
qz. veins, with red tinted areas (jasperoidal qz.?). 
Rounded pyrite aggregates in gins., and pyrite in qz. vein. 
12/382 As 12/266. 
Sample. 	Fine grained qz. and chl. gins. 	Large vesicles 
of coarsely crystalline qz., with pyrite crystals in 
centre of vesicle. 	Rare disseminated pyrite. 
12/449 As 12/266. 
Sample. 	Very fine grained, semi-isotopic chl.-rich gins. 
Vesicles with coarse qz., pyrite and spinel. 
65/1030 Deep borehole in Skouriotissa stockwork. 
Sample. 	Qz. with small amount of chi. in gins. with 
disseminated epidote. 	Coarse qz. and epidote in vesicles; 
epidote inplaces contains semi-opaque red formless plates 
(h.aematite?). 	Rare disseminated pyrite. 
65/1397 As 65/1030. 
Sample. 	Qz. and chi. gins. 	Coarse qz. and epidote in 
vesicles. Rare pyrite. 
TRONDHJEMITE 
11-8 	As 11-1. 
Sample. Gins, of intergrown qz. and plag. with very finely 
disseminated magnetite. Pink, zoned andradite garnet as 





Sample numbers refer to samples in Table A—i a. 
11ineralogy abbreviations as in Table A—i a including: 
amp = amphibole, epid = epidote, liz/crys = lizardite and/or 
ohrysote, vn = vein, VrR = whole rock (less carbonate for oxygen 
Isotope analysis), 'IR' = stockwork whole rock less suiphide and 
vein material. .I'iineral in brackets after whole rock symbol refers 
to the hydrous mineral giving the whole rock SD value. In four 
stockwork samples caic. chi. refers to the calculated 9180 value of 
chlorIte based on 'WR' and gms qz & 180 data, together with the 
qz/chl oxygen weight ratio in the 'IR' sample. 
D and 80 values relative to SIIOW, &13Cvalues 
relative to PDB. Numbers show mean value, total deviation from 
mean and number of analyses. 
H2O contents are based on hydrogen yLélds from hdrogen 
isotope analyses. 
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Sample 	Mineralogy 	t D(%.) 	S 8o(j 	H20 
Umber a 
AR 33]. WR -130 +12.3 
AR 334 vm -144 ±6(2) + 7.5 8.7 
AR 348 Clays -53 ±2(2) +18.3 ±0.1(2) 5.4 
AR 349 ;7R +34.6(2) 
AR 703 WR +10.7 
AR 709 V1R -102 + 5.9 
Ochres 
AR 303 ?7R -122 + 7.3 9.0 
AR 314 VTR +12.2 
U.P.L. 
3-3 via -66 +12.8(2) 1.7 
10-5 INR -56 3.3 
29-2 7M -54 1.3 
37 Via -63 
61-2 VIR -58 ±2(2) 1.2 
40/202 VIR -54 1.8 
5k 1/4 V(R -78 +16.0 ±0.1(2) 
5k 2/4 WR +15.8 ±0.2(2) 
Ms 30 yR -43 ±3(2) 3.5 
ICo 5 VIR -.36 7.1 
AR 435 WR -61 ±3(2) +11.8 ±0.2(2) 1.2 
L.P.L. 
66 Wa -54 +11.4 ±0.3(2) 1.5 
67-1 yR -40 + 7.7 ±o.() 1.8 
67-4 yR -40 ±2(3) 0.8 
92 Qz +31.7 
95-1 Qz +30.9 
40/258 yR -63 + 9.5 2.3 
40/532 Via -63 
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Sample Mineralogy 80(7.) H20 
L.P.L. (continued.) 
40/652 WR -64 ±4(4) +10.3 ±0.2(4) 1.3 
AR 409 ?IR +12.5 ±0.3(2) 
Stockworks 
Ms 21 Imt 	(clii) -37 5.1 
Ma 31 'WR' 	(clii) -39 ±j() + 2.5 ±0.1(3) 6.9 
Gms qz + 5.5 ±0.2(2) 
(Cab. chi + 0.2) 
Ms 3/109 Vn qz +10.7(2) 
Ma 3/113 Vn qz +14.1 ±o.2(2) 
Ko 1 'VIR' 	(clii) -33 5.4 
Ko 2 Gtns qz + 6.9 ±0.1(2) 
Mat 6 Vn qz +14.1 ±0.3(2) 
Mat 7 'VIR' 	(clii) -37 ±]() + 4.1 ±0.3(2) 5.2 
Gmsqz +7.0 
(Caic. 	chi. + 1.4) 
Li 3 'WR' 	(clii) -41 + 3.7 ±0.1(3) 4.7 
Cms qz + 6.0 ±0.1(2) 
(Cab. clii -0.1) 
LiQ Vn qz +10.5( 2 ) 
Sk 11/2 'WR' + 2.9 2:0.1(2) 
74/1425 Epid -13 
74/1475 Epid -18 ±1(2) + 0.2 ±0.2(2) 
WR less epid -39 
12/624 'WR' 	(clii) -40 ±2(2) + 1.4 ±0.2(2) 6.1 
Cms qz + 5.7(2) 
(Caic. 	cli]. - 0.9) 
12/266 Vu qz +11.0 


























16-3 'VIR' (chi) 
Clii 
P1 ag  
33-1 Epid 
QZ 
33-2 'WR' 	(ciii) 
Cii]. 










49 WEt (act) 
Cy92 WR 
+ 9.7(2) 
+ 3.9 ±()•() 
+ 5.8(2) 
+ 0.9 ±0.1(2) 
+ 0.2 ±0.2(2) 
+ 5.2 ±0.3(3) 
+ 8.7 ±0.4(5) 
+ 2.7 ±0.2(3) 
+10.6(2) 
+ 3.4 ±o.() 
+ 9.5 ±o.() 
+ 5.6 ±0.1(2) 
+ 3.4 ±o.i() 
+ 6.0 
+ 0.1 
+ 5.6 ±0.2(2) 





+ 5.3 ±o.i() 





























Sample 	Mineral ogr 
Gabbros 
7-1 Epid +3 
7-3. Act -54(2) + 4.3 
13 WR (amph) -51 
Amph + 5.7 ±0.2(2) 
15-1 Amph -44(2) + 5.3 ±0.1(2) 
Plag +10.5 ±0.3(2) 
15-2 VR -17 + 6.2 ±0.3(2) 
Epid. + 5 + 3.8 ±0.2(2) 
.Amph -45 + 4.8 ±0.1(2) 
35-2 Epid - 3 + 1.6 ±0.2(2) 
Act -47 + 1.5 ±0.2(2) 
Qz + 6.8 ±0.1(2) 
35-4 Ampli + 0.8 ±0.1(2) 
+ 5.7(2) 
75 WR + 6.5 ±0.2(2) 
79 Amph -51 
Qz +7.6 
Cy107 WR +6.4 
.Amph ....47 ±2(2) 
Cy 129 VIR + 5.3(2) 
Arnph -51 ±2(2) + 4.6 ±0.1(2) 
Plag + 6.2 ±0.1(2) 




Sample 	Mineralogy 	SD(%) 	S 180(7) 
Serpentines 
Central Troodos type I 
1-3 Liz/chrys. -89 12(2) + 4.9 ±0.1(2) 
18 Liz/chrys. -87 + 4.9 ±0.1(2) 
85 Liz/ch.rys. -82 + 4.7 10.1(2) 
Cy 157 Serp. -70(2) + 4.6 ±0.4(2) 
Central Troodos type II 
42 Serp. -84 +12.7 ±0.1(2) 
Liniassol Forest 
KS-i Liz/chrys. -75 
CLF-7 WR (serp.) -77 
Akamas Peninsula 
39-1 Antigorite -58 ±2(2) +10.8 ±0.3(2) 
39-2 ¶R(liz/chrys.) -67 (2) 
Mamonia Complex 
53 Liz/chrys. -66 + 8.0 ±0.5(2) 
AR 1250 WR (serp.) -62 
AR 1252 Serp. -68 + 7.4 ±0.2(2) 
Waters 
1-1 Snow -32 ±2(2) - 6.2 ±0.1(2) 
4 Stream -26 
12 Spring -31 - 6.4 ±0.1(2) 
98 Stream -13 - 2.5 ±0.2(2) 
99 Sea +11(2) + 2.1(2) 
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Sample 	Unit 	 18o(7J 
Calcites 
3-3 U.P.L. + 2.6 +31.3 
10-1 U.P.L. - 2.6 ±0.2(2) +30.1 ±0.6(2) 
10-2 U.P.L. + 2.0 +31.6 
61-2 U.P.L. + 0.7 +29.1 
40/362 L.P.L. + 2.6 +30.4 
68 S.I.C. + 2.1 ±0.2(2) +16.0 ±0.3(2) 
49 Trond.h - 8.3(2) +26.3 ±0.1(2) 
T200B Serp ult - 7.2(2) +26.2 ±0.2(2) 
APP1'MflT( 
SAMPLE PREPARATION 
Rock samples were washed, where necessary, to remove 
soil, etc., and any weathered surfaces were removed with a jaw-vice. 
Whole rocks were crushed to less than 60 mesh whilst avoiding the 
development of too much fine powder. Mineral separates were 
recovered.from fractions generally in the range 80 to 200 mesh, 
though for some separates (e.g. chlorites) fractions were less than 
200 to 300 mesh. Concentrations were achieved occasionally by hand-
picking, but generally by using density-adjusted liquids 
(tetrabrornoethane and methylene iodide) in a centrifuge together 
with a Franz electromagnetic separator. 
For separation of quartz from the fine grained quartz-
chlorite assemblage stockwork samples a method outlined by Syers et 
al. (1968) was used; this involved fusion of the sample with sodium 
pyrosulphate and digestion in fluorosilicic acid. In thin section 
these quartz samples are optically homogeneous. The isotopic 
composition of a 8tockwork quartz which was not chemically separated, 
because of the absence of chlorite (sample Ko 2), was within the 
narrow range for chemically separated quartz. It is concluded that 
chemical separation does not affect the quartz isotopic compositions 
(see also Syers et al., 1968). 
In samples for BrF 5 analysis any carbonate present 




Sample purity was determined by grain counting and 
supplemented where necessary by X.R.D. analysis. Purity was better 
than 95%. 
A.3.1 X-ray Diffraction Analysis 
Analyses were performed on a Phillips X-ray diffractometer 
using Ni filtered Cu radiation. 
Serpentine, or serpentine-rich samples were mixed into 
a slurry with silica grease on a glass slide; this process allowed 
random orientation of fibres. A small amount of fluorite was used 
as an internal standard. Distinction was made between the sample 
being either 1) antigorite, or 2) lizardite or crysotile on the 
basis of the Cu Kot 26 angles: 	antigorite = 35.5, 59.0-59.1; 
lizardite/crysotile = 19.2-19.4, 35.9-36.0, 60.2 (:dhittaker and 
Zussrnan, 1956). An antigorite sample, kindly supplied by 
Dr. J. Zussman, was used for comparison. 
Carbonates were analysed to distinguish between calcite 
and dolomite structures (Brown, 1961). 
Stockwork 'whole rock' samples (minus pyrite) were 
analysed to ensure that quartz and chlorite (no illite) were the 
only quantitatively important minerals. 
APPENDIX 4 
ISOTOPIC EXTRACTION AND ANALYSIS 
A.4.1 Hydrogen Extraction 
Solid samples were generally between 50 and 600 mgms. 
(enough to yield " 300 rmoles H 2 ). They were heated under vacuum up 
to 120-200*C until all uncombined water was removed. Samples were 
then heated under vacuum in an induction furnace up to 1300 to 
1500C with the reaction vessel closed to allow rapid heating without 
ionisation problems. For samples known to completely dehydrate at 
lower temperatures (clays, chiorites, etc.) heating was carried out 
in a resistance furnace up to 900-1000C. Water samples were 
introduced from capillary tubes. Any H 2 was pumped straight through 
for collection; H20 was qualitatively reduced to H 2 over a heated 
uranium furnace. This method of hydrogen extraction is,described by 
Friedman (1953) and Godfrey (1962). 
Yields were measured manometrically; they were consistent 
with theoretical values for pure minerals. Slight variations in 
extraction methods produced no significant differences in measured 
D/H ratios for replicate analyses. A distilled water standard having 
a H-isotope composition similar to the majority of samples was analysed 
after every few samples. Water standards NBS1 and SMOW were frequently 
analysed, and light water samples analysed to ensure that there were 
no memory effects. 
A .4.2/... 
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A.4.2 Oxygen (CO 2 ) Extraction 
Silicates and oxides 
20 to 25 mgms. of sample were placed in a dry-box for up 
to 24 hours and then loaded into nickel reaction vessels. Alterna-
tively, samples were heated in an oven for up to 2 hours at 120C 
and then loaded into reaction vessels filled with dry nitrogen. 
Samples were reacted with BrF 5 at up to 700C for at least 16 hours 
and the 02  liberated converted to CO 2 on a hot carbon rod, in the 
manner described by Clayton and Mayeda (1963). CO 2 yields were 
measured manometrically, and for pure mineral samples were close to 
10 (any small error probably being accounted for by sample 
weighing, manometer errors, etc.). One of the quartz standards VQS, 
NBS 28, RQS la was analysed as one of the six samples in each 
extraction cycle. Slight variations in extraction methods produced 
no significant differences in measured 
18 
 0/
16  0 ratios for replicate 
analyses. 
Carbonates 
CO2 was liberated from carbonates (all calcites) using 
iocyfo phosphoric acid at 25C (McCrea, 1950). Carbonate standards 
GCS and NBS 20 were analysed. The fractionation factor 1.01025 was 
used for the calcite-CO 2 oxygen Isotope fractionation (after Sharma 
and Clayton, 1965, in Garlick, 1969). 
Waters 
Water samples were equilibrated with tank CO2 at 25C 
(Epstein and Mayeda, 1953).  The fractionation factor 1.0412 (O'Neil 
et al., 1975) was used for CO 2 ga.s-I2O liquid oxygen isotope 
fractionations at 25C. 
A .4.3/... 
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A.4.3 DIR, 0/ 0 and 
18 16 	13C /12c Ratio Analysis 
H2 and CO2 gases were analysed in two McKinney-Nier type 
mass spectrometers and isotopic ratios determined by comparison with 
calibrated H2 and CO2 gas standards. Corrections were made where 
appropriate for valve mixing, leakage, background, H30 13C and 
other mass 44 and 46 contributions (Craig, 1961); for water analysis 
corrections were made for the amount of tank CO 2 in extraction 
(Craig, 19 6 1). 
Precision 
The mean deviation from the average, for replicate 
analyses of Troodos whole rock and mineral samples analysed in this 
study, averaged ± 1.3 7for SD and ± 0.17 7. for 
APPENDIX 5 
EXCHANGE EXPERIMENTS 
Hydrogen isotope exchange experiments were performed on 
an oxyhydroxide-rich umber and ochre, two zeolite fades L.P.L. 
samples, an upper S.I.C. greenschist fades sample and a stockwork 
sample. These were designed to establish whether the hydrogen 
isotope compositions of such samples could be modified, subsequent to 
their formation, by low temperature interaction with, for example, 
meteoric or atmospheric waters. The samples were placed in a sealed 
vessel containing 'heavy' water, &D = + 1870, for a number of days 
at room temperature (-22C). The water and samples were not in 
direct physical contact, but when the samples were removed they were 
all damp. They were weighed, and then placed in the reaction vessel 
under vacuum, within ten minutes of being removed from the sealed 
vessel. The samples were heated and water collected over various 
temperature stages from 22 to 950C, the maximum temperature for each 
stage being maintained until all the water had been driven off at that 
temperature. When all the water had been collected at 200C the 
samples were heated for a further two hours at 200C under high vacuum, 
to ensure that no ' &2OOC' water contaminated water collected above 
200C. The uranium furnace was also under vacuum for two hours. The 
sample grain-size, and mineralogy, and the duration of the exchange 
experiments and the calculated per cent exchange are given in Table A5. 
In!... 
TABLE A5 
Hydrogen Isotope exchange experiments at'22C. 
Sample Hinera1ojc 	Grain size Duration %_Exchan 
(mesh) (days) 
Umber 
AR 709 Fe-Mn oxyhydroxide >200 100 23 
0 c lire 
Ar 303 Fe oxyhydroxide >200 100 30 
L.P.L. 
67-4 Whole rock (inc. >150 93 27 
40/6521 smectite, zeolite) >150 20 24 
S .I.C. 
70 Whole rock (Inc. >150 105 3.8 
chlorite) 
Stockwork 
Ms 31 Whole rock (Inc. >60 20 1.3 
chlorite) 
a Showing hydrous minerals 
b Calculated as: &Dhad - &D.itji 	
100 
Dequilibri - SDinitjai 
Fig. A5 
Hydrogen isotope composition of water driven off over 
22-950C from samples which were exchanged with heavy water 
(D -'+ 1870Z.) 20-105 days at 22C. The amount of water derived 
from each dehydration stage is shown as a fraction of the total 
amount of water. Numbers in degrees refer to the maximum 
temperature (c) of each dehydration stage. The SD value of 
water driven off above 200C from the unexchanged sample is shown 
for reference. For discussion, see text. 
Umber sample AR 709, ochre sample AR 303. 
Zeolite facies L.P.L. samples 40/652 and 67-4. 
Greenachist facies upper S.I.C. sample 70; stockwork basalt 







U 	 012 	 0.4 	 0.6 	 0.8 	 1.0 
Fraction of Dehydration 
0 	 0.2 	 0.4 	 0.6 	 0.8 	 1.0 















Fraction of Dehydration 
-161- 
In Figs. A5a and A5c the £D values and amount of water driven off over 
the different temperature ranges are shown. The data for an umber and 
an ochre sample are shown on Fig. A5a, two zeolite facies L.P.L. 
samples on Fig. A5b, and an upper S.I.C. greenechist fades sample 
and a stockwork sample on Fig. A5c. 
For the umber and ochre and two zeolite facies pillow lava 
samples the initial water driven off below " 120C is markedly D-
enriched, being similar to the enriched water in the vessel. The 
water driven off above '-'200C is lighter, and closer to the original 
unexchanged sample &D value (measured on >200C water). The fact 
that the C 120C and >200C waters are isotopically distinct gives 
confidence in using the 120 to 200C range to distinguish between 
absorbed interlayer (H 20) water and the structural (H 2O) water. 
However, the 200C water for the umber, ochre and two zeolite facies 
samples is significantly D-enriched compared to that for the 
unexchanged samples (Fig. A5-1). 
The upper S.I.C. greenschist fades sample and stockwork 
basalt sample have isotopically distinct &200C and ,200'C water, 
but the latter is only slightly D-enriched compared with the. 
unexchanged sample >200C water (Fig. A5-1). 
The calculated per cent exchange for the samples are shown 
in Table A5. The values require knowledge of the D value of the 
sample if it had reached equilibrium with the heavy water (D% 
equilibrium, Table A5). The *D equilibrium values for the samples are 
assumed to be "+ 1870 - 60., where - 60 Ywis the approximate sample-
H20 fractionation. Because the water is very D-enriched (+ 1870 %) 
the exact value for the sarnple-H20 fractionation makes very little 
difference to the calculated per cent exchange. 
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The zeolite facies pillow lava sample 40/652 was placed in 
a large excess of water having a S180 value of '' + 30, for 32 days 
at 22C. After drying in an oven for one hour at llOC two aliquots 
of the exchanged sample were analysed, together with two unexchanged 
, l 
moles.. for 
18  0/ 0 ratios in the routine manner. The exchanged 
samples yielded 9180 values of + 10.2 ± 0.3j, compared to unexchanged 
sample values of + 10.3 ± 0.1 7. 
Discussion 
These preliminary experiments suggest that oxyhydroxide-
rich umber and ochre samples, and zeolite facies pillow lava samples 
undergo rapid hydrogen isotope exchange with atmospheric water at 
room temperature. Interpretation of hydrogen isotope data for these 
samples should, therefore, be made with caution. 
Oxyhydroxide-rich uinbers and ochres are considered to be 
composed of minerals of largely amorphous structure (Elderfield et 
al,, 1972; Robertson and Hudson, 1974; Robertson, personal 
communication, 1976). Structural water may, therefore, be only loosely-
bound. It is apparent from Fig. A5a that much of the water from the 
umber and ochre samples is driven off at low temperatures (400C). 
O'Neil and Kharaka (1976) measured "27% hydrogen Isotope 
exchange in montmorillonite at 100C. It is surprising, therefore, 
that the zeolite facies pillow lava samples in this study, which 
contain montmox'illonite as the dominant (or one of the dominant) 
hydrous minerals, should show similar exchange rates at much lower 
temperatures. However, whilst the zeolite facies pillow lava samples 
in this study were selected to contain no visible zeolites, zeolites 
were!... 
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were probably present in the groundmass of the samples. The water 
exchange properties of zeolites are well known, and could have 
contributed to the high measured exchange rates. Despite the 
experimentally observed hydrogen isotope exchange 'problems' the 
measuredD values of the Troodos pillow lavas are, as far as present 
data allow, consistent with the SD values which may be expected for 
seawater zeolite facies alteration. Similarly, whilst hydrogen 
isotope exchange in clay minerals has been observed experimentally 
(O'Neil and Kharaka, 1976), ancient clay minerals at the earth's 
surface are commonly out of hydrogen and oxygen isotope equilibrium 
with modern meteoric waters (Sheppard et al., 1969; Savin and 
Epstein, 1970a; Lawrence and Taylor, 1971). There is no evidence 
for significant hydrogen isotope exchange in greenschist facies and 
stockwork basalt samples, where chlorite is the hydrous mineral. 
No measurable oxygen isotope exchange was observed for 
the zeolite facies pillow lava samples. Whilst the experiment was of 
short duration, at room temperature, calculated oxygen isotope 
exchange rates for clay minerals at elevated temperatures (O'Neil and 
Kharaka, 1976), and for long-term exchange at surface temperatures 




Two types of amphibole are petrographically and 
chemically distinguishable in the S.I.C., tronclhjemites and gabbros. 
Hornblende is pleochroic pale yellow to green or pale green to blue-
green, and occurs as subhedral prisms, as an alteration of pyroxene, 
or rarely as a poikilitic groundmass to plagiocbise phenocrysts. 
Actinolite is green or brown-green, but its pleochroisrn is masked by 
the randomly oriented finely fibrous nature of the actinolite 
crystals. In all samples studied hornblende has undergone slight, 
patchy, to total alteration to actinolite. The term hornblende or 
actinolite to describe an amphibole in this study is based on their 
petrography. 
Chemical formulae from microprobe analyses of a number 
of Troodos amphiboles are given in Table A6, with plots of Al4 
versus Na + K and Mg/Mg + Fe in Fig. A6a. Whilst there is no 
marked chemical distinction between the hornblende and actiriolite, 
the hornblende is characterised by > 4-5 A14+ atoms per unit formula, 
and higher K + Na contents (Fig. A-6) than actinolite. Chemically 
the hornblende might be termed hornblende (when Al 4 >5, Deer et al., 
1962) or aluminous actinolite. It is suggested in Section 5.1 that 
hornblende phenocrysts may have und.ergone exchange of their oxygen 
and hydrogen atoms, without a complete petrographic change, during 
retrograde greenschist facies formation of actinolite. It is 
possible!... 
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possible, therefore, that partial chemical exchange may also have 
occurred. 
Chlorite 
Chlorite occurs as part of the greenschist facies, 
dominantly in the S.I.C., as green anhedral ragged or circular flakes 
commonly with berlin-blue birefringence, and as the dominant 
groundmass mineral in stockwork altered basalts. The compositions 
of chiorites from three S.I.C. and three stockwork samples are shown 
in Table A6 and Figure A6b. The three S.I.C. samples have 
chemically similar chlorites, whilst chlorites from different 
stockworks have a wider range of iron and magnesium contents. 
Epidote 
Epidote is commonly associated with quartz in veins in 
the S.I.C., trondhjemites and upper gabbros, or as a groundrnass 
mineral in vein-halos. It also occi.irs, essentially in vesicles with 
quartz, in the deepest parts of the stockwork zones (Section 6.3). 
Microprobe and refractive index determinations of the pistacite 
content of epidotes from nine Troodos samples, arranged in their 
approximate relative stratigraphic positions, are shown in Fig. A6c. 
Pistacite contents range from 22 to 32%,  but within this range there 
appears to be an increase in pistacite content stratigraphically 
upwards (i.e. with decreasing metamorphic grade). Holdaway (1965, 
1972) describes areas where a similar pattern occurs. The upper and 
lower stability limits of epidote are probably extended for higher 
pistacite contents, and epidote crystallising within its stability 
field will have higher pistacite coitents for higher f0 2 conditions 
and higher bulk rock iron content (Holdaway, 1972; Seki, 1972; 
Liou, 1973). A combination of the factors may be responsible for the 
observed/... 
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observed pattern in the Troodos epidotes. In particular, higher 
temperatures and probably lower f0 2 may be expected stratigraphically 
downwards in the Troodos crust. 
Feldspar 
The anorthite content of plagioclases in eleven Troodos 
samples, arranged in their approximate relative stratigraphic positions, 
are shown in Figure A6d. where phenocryst cores and rims were 
petrographically distinguishable their analyses are indicated 
accordingly. Plagioclase cores are markedly Ca-rich, containing up 
to 98 of the anorthite molecule; rims, where identifiable, of the 
same phenocrysts are invariably more Na-rich. K 2  0 ranged from 0.01 
to 0.04 in Ca-rich plagioclases to 0.01 to 0.9 in more Na-rich 
plagioclases. Orthoclase (16.45% K 20, 0.25% Na20, 0.01% CaO) was 
identified as a minor phase in sample 32. 
Garnet, Pyroxene 
Electron microprobe analyses of andradite from the 
trondhjemite sample 11-8 (Section 2.7) and pyroxenes from the 
petrographically fresh gabbro sample 76 are shown in Table A6. 
TABLE A6 







Si02 A1203 FeO MgO CaO Na20 K 2  0 
Ti02 MnO 	Total 
50.46 3.98 21.30 10.14 11.82 0.42 0.02 0.30 98.39 
51.55 4.07 12.04 16.27 10.92 0.71 0.20 0.24 96.25 
53.55 1.87 11.54 18.36 10.03 0.25 0.23 95.82 
52.10 3.30 12.47 16.94 10.47 0.53 0.12 0.57 96.50 
52.57 5.65 14.75 11.61 9.90 0.74 0.27 95.49 
48.14 5.41 18.58 11.50 10.79 1.13 0.41 95.96 
50.21 2.63 15.46 14.0 9.72 0.25 0.11 92.38 
47.58 3.32 19.47 10.57 11.17 0.61 0.20 92.92 
51.13 4.25 14.54 15.08 10.59 0.93 0.12 96.64 
50.94 3.12 13.65 13.05 10.31 0.48 0.14 92.11 
56,28 1.40 6.48 20.44 12.63 0.16 0.01 97.53 
49.41 4,39 16.25 13.39 11.89 1.02 0.38 96.70 
52.07 2.49 18.97 14.91 10.87 0.32 0.20 99.83 
50.21 3.32 16.78 13.12 11.03 0.55 0.07 95.08 
27.63 16.13 25.87 14.92 0.12 0.36 0.36 85.39 
26.78 16.74 25.93 14.97 0.09 0.38 0.34 85.23 
27.79 17.58 25.42 15.83 0,14 0.18 0.00 86.86 

















 A1203 FeO MgO CaO Na20 K20 Ti02 MnO 	Total 
28.24 19.54 25.75 13.94 0.05 0.07 0.21 87.80 
28.29 16.38 22.00 14.87 0.12 0.08 0.13 81.87 
27.97 17.86 23.21 14.89 0.17 0.07 0.11 84.37 
28.61 16.78 23.16 17.88 0.07 0.15 0.05 86.70 
28.25 17.18 .24.39 16.40 0.03 0.14 0.06 86.46 
25.69 21.01 	. 21.55 15.61 0.10 0.15 0.06 84.16 
26.46 21.09 22.95 15.86 0.07 0.15 0.06 86.64 
26.95 20.55 22.34 16.82 0.07 0.31 0.05 87.09 
27.59 20.55 21.38 17,92 0.06 0.11 0.02 87.63 
26.22 21.01 23.42 15.86 0.03 0.15 0.04 86.73 
23.29 20.24 29.70 9.82 0.01 0.02 83.06 
23.22 19.74 27.26 10.87 0.01 0.03 81.12 
28.85 21.37 14.80 21.91 0.04 0.07 87.04 
27.78 22.14 14.74 21.91 0.03 0.05 86.65 
29.41 20.90 15.62 21.33 0.01 0.05 87.32 
28.62 21.86 13.99 22.06 0.04 0.06 86.63 
37.24 21.90 11.27 0.35 22.84 0.03 0.02 	92.63 
37.05 22.00 14.37 0.04 23.53 0.01 0.30 97.00 
37.23 22.07 14.64 0.06 23.15 0.01 0.10 97.26 
37.57 23.44 14.29 0.04 23.17 0.01 0.04 98.56 
Li 3 
12/624 







Si02 A].203 FeO MgO CaO Na20 K 2 
 0 TIC2 MnO Total 
37.71 23.09 11.59 0.03 23.39 0.06 95.82 
37.68 22.14 10.07 0.04 23.54 0.02 93.49 
37.92 23.25 13.10 0.03 23.41 0.02 0.02 96.27 
37.92 23.67 11.99 0.06 23.44 0.01 0.02 0.24 96.46 
37.74 22.67 13.87 0.04 23.34 0.01 0.06 96.55 
37.47 20.81 15.35 0.09 23.15 0.03 0.15 96.79 
37.71 22.23 12.95 0.03 23.81 0.02 0.02 0.15 96.93 
37.47 23.09 11.64 0.02 23.72 0.01 0.04 0.09 96.08 
56.89 0.71 11.87 29.38 2.07 0.01 0.01 0.26 101.20 
56.33 0.90 9.85 31.32 1.37 0.03 0.01 0.23 100.04 
53.42 1.06 4.98 18.07 21.07 0.06 0.01 0.14 98.82 
53.40 1.44 5.56 17.04 21.86 0.10 0.14 99.55 
53.75 1.26 4.19 17.49 22.19 0.09 0.03 0.14 99.11 
35.51 0.58 29.47 0.03 32.27 0.46. 98.32 
36.15 0.21 28.53 0.08 32.14 0.47 97.94 




Compositions of hydrous minerals. 
Mineral 	Sample No. 	 Composition 
ANPHIBOLE 	6 	 Na01 3Ca1 89 (Mg225Fe265A1021 ) 
(Si751 Al0 49 )022 (OH) 2 
13 	 K003Na020Ca1 71  (Mg3 54Fe1 47A1024 ) 
(Si 
7.54 
 Al0 46)022 (OH) 2 
15-1 	K007Na035Ca1 78(Mg261 Fe236Al027 ) 
(Si 	Al 
7.30 0.7 
K006Na021 Ca1 57(Mg255Fe1 81 A1051 ) 
(Si 	Al 
7.73 0. 
15-2 	K003Na026Ca1 82 (Mg237Fe259Al017 ) 
(si.7• 33Al0 67 )022(OH) 2 
K002Na007Ca1 70(Mg301 Fe1 77AL029 ) 
(Si7 72Al028)022 (OH) 2 
35-4 
	
	K001 Na013Ca1 •68 4g3•091 77Al029 ) 
(517 55Al0 45 )022 (oH) 2 
K002Na014Ca1 
.65 g302Fe1 84Al015 ) 
(Si761 Al0 39 )022(OH) 2 
79 	 Na0 05Ca1 85(Mg4•250•75 A10108 ) 
(S1755A101 5 )022(oH) 2 
T 121 	K007Na029Ca1 80(Mg2981e203A1015 ) 
(Si 
7.37 o.63  
Al 	)022(oH) 2 
K004Na009Ca1 74 (Mg329Fe247Al008) 
(Si 7.64Al036)022(OH)2 
Table A6 contd. 
CHLORITE 	5 	Ng499Fe466A1224(Si585A1215 )020(OH) 16 
16-3 	Mg4 36Fe452A1276(Si592A1 1 98 )020(OH) 16 
32 	Mg5 60Fe407A1218(Si602A].1 93)020(011)16 
Ms 31 	Mg5 50Fe363A1269(Si569Al231 )020 (011) 16 
Li 3 	Mg337Fe570A1284 (Si535A1265 )020(OH) 16 
12/624 	Mg648Fe246A1277(Si576A1224 )020(OH) 16 
EPIDOT1 	11-1 	Ca1 99 (A1221 Fe087)Si301 012 (OH) 
15-2 	Ca198(A1224Fe069)3j300012 (OH) 
20-1 	Ca200(a121 4Fe0 74)si3 020 1 2( 0 
32 	Ca1 98(A1215Fe083)S1293012(OH) 
Fig. A6 
Al4  against Na+K and Fe/Fe+14g for representative 
Troodos amphiboles (Table A6). Tie-lines in Na+K figure 
connect co-existing minerals. 
Fe/Fe+Mg against Si for Troodos chlorites (Table A6) 
with chlorite group mineral boundaries from Deer et al. (1962). 
Pistacite contents of Troodos epidotes. Samples are 
in stratigraphic order (except stockworks). I = inicroprobe 
analysis; dashed lines represent range of compositions 
based on refractive index measurements. 
Anorthite content of Troodos plagioclases. Samples 
are in stratigraphic order. I = rnicroprobe analysis. 
R = rim, C = core. 
- 	
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APPENDIX 7 
NINERAL-H20 ISOTOPIC FRACTIONATIONS 
The mineral-H20 hydrogen and oxygen isotope fractionation 
curves in Figs. 3-3a, 3-3b and 3-4 are based on the data below. 
OXYGEN 
Quart. High temperature fractionations (Fig. 3-3a) 
from partial exchange experiments (Clayton et al., 1972; see Taylor, 
1974). Low temperature curve (Fig. 3-3b) from Knauth and Epstein 
(1975). 
Feldspar. Experimentally-derived An 60-H20 curve from 
O'Neil and Taylor (1967). 
Calcite. Experimental curve from O'Neil et al. (1969). 
Chlorit. From Wenner and Taylor (1971; see Taylor, 
1974). Empirically derived curve based on pelitic schist mineral 
oxygen isotope data of Garlick (1969). The data from the pelite 
study suggested that chlorite may undergo retrograde oxygen isotope 
re-equilibration during metamorphic cooling down to temperatures of 
about 400C. In this study, however, temperatures lower than 400C 
are considered. 
Serpentine. Empirically-derived curve from Wenner and 
Taylor (1971; see Taylor, 1974). 
Amphibole. Based on the quartz-glaucophane and quartz-
lawsonite curves derived empirically by Taylor and Coleman (1968), a 
quartz-tremolite fractionation of 5.57.. for a Salton Sea sample for 
which/... 
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which temperatures were considered to be about 320C (Clayton, 
unpublished) and data for hornblende samples in Bottinga and Javoy 
(1975). The data are converted to amphlbole-H 20 using the quartz-
H20 curve. 
Epidote. Based on a quartz-epidote fractionation of 5.47.. 
for a Salton Sea sample for which temperatures were considered to be 
about 300C (rluehlenbachs and Clayton, 1972b), and a quartz-epidote 
fractionation of 3.37.. for a skarn sample of Shieh (1969) for which 
on the basis of other samples in Shieh's study a temperature of about 
500 to 550C is assumed here. The data are converted to epidote-H20 
using the quartz-H 20 curve. 
Montmorillonite. Empirically-derived curve from Taylor 
(1974). 
HYDROGEN 
A high temperature experimental niineral-H 20 hydrogen 
isotope fractionation study, on muscovite, phlogopite, biotite, 
hornblende, serpentine and kaolinite has been carried out by Suzuoki 
and Epstein (1976). They demonstrate the critical importance of 
mineral chemistry on silicate hydrogen isotope fractionations; in 
particular iron-rich minerals tend to be depleted in deuterium 
relative to iron-poor minerals formed under equivalent conditions. 
Experimentally derived fractionation curves for muscovite and biotite 
(phiogopite to annite composition) at temperatures above 400C are 
shown in Fig. 3-4 (Suzuoki and Epstein, 1976). With empirical data 
these curves may be extrapolated to lower temperatures, and 
fractionation curves for chlorite, serpentine, kaolinite and gibbsite 
have also been proposed, Fig. 3-4 (see Taylor, 1974). 
Troodos/... 
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Troodos amphibole-, chlorite- and epidote-H 20 hydrogen 
isotope fractionation curves (Fig. 3-4) were based in part on data 
and calculation methods of Suzuoki and Epstein (1976), and on no..Luroi 
rçck 	data. Electron rnicroprobe analyses were made of 34 amphiboles 
and chlorites from thirteen stockwork, S.I.C., trondhjemite and gabbro 
samples (Table A6-1). From these data octahedral site atomic mass/ 
charge ratios were calculated for the amphiboles and chlorites, and the 
mineral-H20 fractionations calculated using the methods of Suzuoki 
and Epstein (1976)0 	 6hlorite-H20 and epidote-H20 hydrogen 
isotope fractionation curves were also calculated (Sheppard, unpublished) 
using data for chlorites from oceanic dredge samples, formed in 
equilibrium with seawater, with known fluid inclusion homogenisation 
temperatures (Jehl et al., in preparation) and data for geothermal 
epidotes and a metamorphic epidote (sample of Black, 1974, using an 
isotopically derived temperature and SD data for coexisting muscovite). 
The empirically derived chlorite-H20 and epidote-H20 fractionations 
were for temperatures comparable to those used in this study. Also, 
when compositional differences are taken into account, the calculated 
Troodos chlorite-H20 curve and empirically derived chlorite-H20 
curve of Sheppard (unpublished) and Taylor (1974) are in good 
agreement. 
The amphibole-H 20, chlorite-H20 and epidote-H 20 hydrogen 
isotope fractionation curves used in this study are shown in Fig. 3-4. 
For amphibole and chlorite the curves for minerals of average 
composition are shown within a band representing the total variation 
in fractionation resulting from variations in mineral chemistry. 
Because chemical variations in Troodos amphiboles and chiorites are 
quite small, the amount by which the calculated fractionation curve 
for!... 
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for a particular mineral differs from the average curve is generally 
± 57• 
APPENDIX 8 
HYDROGEN AND OXYGEN ISOTOPE GEOCHEMISTRY 
OF SUBDUCTION ZONES 
a) D/H and 180/160 of Oceanic Crust 
The sites where oceanic crust is subducted are major 
areas for the exchange of material between the crust and the upper 
mantle. Therefore it must be expected that the subduction of hydrous 
oceanic lithosphere will play a vital part in 	influencing the 
hydrogen and oxygen isotope geochemistry of the upper mantle. Also, 
because water may play an important part in the generation of calc-
alkali magmas at depth in subduction zones, it is of considerable 
interest to determine whether it might be possible to distinguish 
isotopically between waters derived from subducted oceanic crust and 
other waters (e.g. juvenile waters). With the hydrogen isotope data 
for the Troodos oceanic crust (this study) and the currently few data 
for oceanic samples (Jehi et al., 1976), Fig. 4-4, together with the 
oxygen isotope data for ophiolite and oceanic samples, Fig. 4-3, it 
is possible to calculate the approximate average isotopic composition 
of oceanic crust. Suggested values for the average hydrogen and 
oxygen isotope composition of the upper -5.5 km. of oceanic crust 
are shown In Table A8, based on Troodos igneous samples and on sediment 
samples of Savin and Epstein (1970b). Whilst taking into account 
possible exchange problems, Troodos zeolite fades pillow lava SD 
values are assumed to be representative of oceanic pillow lava SD 
values. Average oxygen isotope values for oceanic samples (from 
Fig. 4-3)/... 
Unit Thickness 1  cdH 2O 2 D/0.2 %H20 3 &D%D3 8180 
Sediments 0.5 5 -68 
) 4 0 19 
Basalts 1 3.5 -54 3.5 0 
	
8.2 ~ -31 10.8(7.5) 
(Do1erites 2 2.5 -40) 1 
) -52 





(Gabbros 2 1.5 -50 
) 
1 0 6.0(4.8) 
TABLE A8: Average &D and So Values for Oceanic Crust 
ApDroximate values in km. from Fox et al. (1973). 
Data for Troodos (this study) and sediment data of Savin and Epstein (1970b). On the basis of 
all available modal analyses, epidote is unlikely to increase the average ED value of Troodos 
units by more than - + 3. 
Suggested values based on the calculated space resulting from cooling contraction, interpillow 
cavity space and typical sediment H20. Assuming unoombined water = seawater with ED = 0/. 
Troodos data (this study) from Fig. 4-2, basalts exclude the two most 180-rich pillow lava samples. 
Oceanic values are in parenthesis, from Fig. 4-3. Sediment data of Savin and Epstein (1970b). 
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Fig. 4-3) are also shown in Table AS. The average oceanic S 180 
values differ slightly from Troodos values but the difference is 
not significant for this discussion. 
The amount of uncombined seawater present in fractures 
and cavities in the upper parts of the oceanic crust can only be 
approximately estimated. It is suggested (Table A8) that the 
maximum average SD value of the upper 5.5 km. of the oceanic crust, 
prior to subduction, may be as high as -307... However, it is probable 
that most of the uncombined water is driven off at low temperatures, 
or squeezed out with the rapidly increasing pressure, during the 
initial stages of subduction.. The average SD value of the upper part 
of the oceanic crust, after removal of uncombined water, is estimated 
to be "-50(Table A8). 
Uncombined water will have little effect on the oxygen 
isotope composition of the crust. The 5 180 value of the subducted 
crust will, however, be sensitive to the amount of. sediments and 
basalts subducted, since these are the major 180-rich units. A 
significant part of the upper units of the oceanic crust (sediments 
and basalts) may be obducted. The average 8 0 value of the upper 
5.5 km. of the oceanic crust is estimated to be "+ 87., or "+ 67. 
if the sediment and basalt layers are removed (Table A8). 
b) Metamorphic Waters 
Estimation of the Isotopic composition of the metamorphic 
waters derived from subducted oceanic crust is complicated because 
the processes involved in subduction are not fully underst000d (and 
may vary). The phases in which watçr is carried down to depths of 
100-200 km., where calc-alkali magmas are believed to form, are not 
known with certainty (Wyllie, 1973; Huang and Wyllie, 1973). 
Assuming!... 
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Assuming total rock-H20 isotopic equilibrium, the 
isotopic composition of the metamorphic water will depend on the 
isotopic composition of the rock, and the rock-H 20 isotopic 
fractionation which is dependant on the temperature. The D/H ratio 
of metamorphic water in equilibrium with the subducted rocks will 
tend to become progressively lower during subduction, both because 
of the decreasing rock-H 20 fractionations with increasing temperature, 
and because of the loss of relatively D-rich water during dehydration. 
18 , 
The 0,
16  0 ratio of the metamorphic water will increase slightly 
during subduction insofar as the rock-H 20 fractionations decrease, 
but they will be particularly sensitive to whether the metamorphic 
water is derived from 180-rich sediments and basalts or from 
relatively 180-poor dolerites and gabbros. 
As pointed out by Sheppard (1976) dehydration reactions 
occurring during subduction will tend to take place at higher 
temperatures than the equivalent hydration reactions which occurred 
during the initial seawater metamorphism. Major dehydration, for 
example the breakdown of chlorite, may be expected at ''500C, and 
continue to temperatures of 800C or higher. 
Metamorphic water in hydrogen isotope equilibrium with 
subducted crust (SD " - 50L) at temperatures of " 500C will have 
SD "- 207. (e.g. Fig. 5-1). Unless a significant amount of water is 
derived through dehydration at temperatures lower than 500C, a SD 
value of - 207.. is taken to be the upper limit for metamorphic waters. 
A variety of models may be used to calculate the hydrogen isotope 
composition of metamorphic waters after the onset of dehydration. If 
dehydration occurred gradually with removal of water from the system as 




1000 +S f(/l000) 
1000 	0 
where 90 = initial SD of the crust, 5= 5r of crust at a particular 
time, f = fraction of remaining H 2 
 0 at that time, A = water-rock 
hydrogen isotope fractionation. Taking 9 0 = - 50 and L. = + 30 
(water-chlorite at"500'C, water-amphibole at ''700C), then for 
F= 0.5, 0.3 and 0.1 the final crust SD values are - 70, - 84 and 
- 1137., respectively. It is possible, therefore, through gradual 
and almost total dehydration, to produce isotopically light rocks 
(SD = - 1137-.) where water in equilibrium with the rock8 may be as 
light as SD- 80 to - 907& at"800C or higher. However, if the 
original average H 2 
 0 content of the subducted rocks = ''2.5% (Table A8), 
rocks lighter than"' - 907.. and waters lighter than - 60 to - 70%* 
would only be produced when the rocks contain0.5% H20. By far the 
greater amount of metamorphic waters, during dehydration of subducted 
rocks from "2.5 down to ,, O.57oH20,.iouid have SD values in the range 
20 to - 60°!... 
Water in equilibrium with the most 180-poor oceanic rocks 
(e.g. Troodos S.I.C. rocks with 818o ''+ 47*0 at 500C would have 
So + 47.. (assuming an An60-H20 fractionation, Fig. 3-3); 
alternatively, water produced by dehydration of Troodos chiorites at 
"500 	
18 C may have a S 0 value as low as + 47- (Fig. 5-1). The upper 
value for the oxygen isotope composition of metamorphic water derived 
from a subduction zone will be strongly dependant on the isotopic 
composition of the rocks from which it is derived. Water derived 
from Troodos metabasaits (5180 ''+ iiZ., Fig. A8) at high temperatures 
may have S 
18  0 __ + 121.•i . • The oxygen isotope composition of metamorphic 
waters!... 
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waters in this study is assumed to lie in the range + 4 to + 127-. 
(Fig. 3-1). It is quite possible, however, that water derived from 
sediments, if they form a significant part of the subducted crust, 
may have s'8o values higher than + 1276.. 
c) DJH and 180/160 During Melting of Subducted Crust 
Unless significant amounts of uncombined water are 
retained in the subducted crust and there is little dehydration, the 
SD value of the subducted oceanic crust at the point at which it 
melts (where caic-alkali magmas may form) is unlikely to be higher 
than - 40 to - 507... Whilst subducted rocks with quite low D/H 
ratios could be produced by dehydration, these rocks would contain 
very little water (e.g. '' 0.25% H 2  0 for rock SD = - 113L, using 
equation above). The water content of subducted rocks at the point 
of melting is not known, but it is probable that more than 0.25% H 2  0 
is needed for caic-alkali magma genesis. Eggler (1972) suggests a 
water content of 2.23 for the Paracutin andesite magma, whilst a 
water content of 	would favour maximum pargasite thermal 
stability for the amphibole-fractionation model of Cawthorn and 
O'Hara (1976). Therefore, if caic-alkali magmas are derived directly 
or indirectly from subducted oceanic rocks (e.g. recent reviews of 
Cawthorn and O'Hara, 1976; Wyllie et al., 1976) these rocks are 
unlikely to have &D values lower than " - 90%.. 
The oxygen isotope composition of the subducted oceanic 
crust at the point of melting will depend largely on the amount of 
basalt and, in particular, the amount of sediment subducted. Average 
S 180 values are probably in the range "+ 5 to + 87.., whilst melting 
of the upper basalt and sediment layers may produce magma with 180 
''+ 11 to + 187.. (Table A8). 
If/... 
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If the isotopic composition of the upper mantle is similar 
to the compositions of basalts, gabbros and ultrarnaf Ic rocks (SDt' 
- 40 to - 857—, g18o "+ 5 to + 86; Sheppard and Epstein, 1970; 
Taylor, 1974) the discussion above suggests that its hydrogen and 
oxygen Isotope composition Is not significantly affected by 
assimilation of subducted oceanic crust with average SD - 40 to 
- 907., S 
18 
 0 + 5 to + 87.. The isotopic compositions of fresh 
caic-alkali rocks range: SD" - 60 to - 907.,, 8 80 '+ 7.0 to + 9.07.. 
(Taylor, 1968, 1974; Sheppard and Taylor, 1974). This suggests, 
isotopically, that caic-alkali rocks could be derived from material 
of average oceanic crust isotopic composition or from the upper 
mantle. As emphasised by Margaritz and Taylor (1976), however, the 
oxygen isotope values of caic-alkali rocks tend to rule out a model 
in which these rocks are derived solely from 
180-rich subducted 
basalts and sediments, although the fact that calc-alkali rock 
values are slightly higher than oceanic metadolerite-metagabbro, 
and possibly upper mantle 8 180  values suggests that an 180-rich 
component derived from subducted basalts or sediments, or from crustal 
rocks, may be present in calc-alkali magmas. 
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